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PREFACE. 



The first edition of this work having been favourably received, 
the Author has very carefully revised the present, and added 
many Plates and Woodcuts, with several new Examples, of a 
character, it is hoped, adapted to train the mind of a student 
to the consideration Qf practical subjects in a practical point 
of view. 

The work is. still, what it at the first was intended to be, 
a Text-book for students in the Engineering School of this 
University ; as such, it deals with first principles, and their 
applications to practical construction, rather than giving a 
collection of Hydraulic Tables, or other matter chiefly useful 
to those engaged in the actual construction of Hydraulic 
works. The profession is now gradually assuming the form 
of separate and distinct specialities, — ^not the least interesting 
or important of which is Hydraulic Engineering ; but in a well- 
arranged course of instruction for a University School of En- 
gineering, the principles of all these branches of the profession 
should be taught to all the students, whatever their destina- 
tion may be. It was to meet the want of a Text-book of this 
character, for Hydraulic Engineering, that this work was 
undertaken. 

The admirable experiments carried on at the Lowell Mills, 
Massachusets, U. S., by J. B. Francis, and published by him, 
have been quoted in this edition ; and the results, as to the 
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discharge over weirs, have been compared with former expe- 
rimenters, and exhibited in the form of diagrams. 

The Author desires to acknowledge, with many thanks, the 
liberality of the Board in assisting in the expense of this edi^ 
tion, contrary to their rule as to second editions; but this 
cannot be drawn into a precedent, as it was an acknowledg- 
ment, on their part, of the successful drainage of the College 
Park by the Author. 

In all cases of quotation, the names of the authors, whose 
works were made use of, have been fully given. 

To those who would wish to pursue the subject still fur- 
ther, the following works are recommended : — 

Beardmore's Hydraulic Tables, 2nd edition. 

Neville's Hydraulic Formulae and Tables, 2nd edition. 

Bennett's translation of D'Aubuisson. 

J. B. Francis, Lowell Experiments. 

Morin's Hydraulique, 2nd edition. 
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PREFACE TO THE FIRST EDITION. 



The following work is intended as a Text-book for the Stu- 
dents in the School of Engineering, Trinity College, Dublin, 
in that branch of their intended profession which has reference 
to Practical Hydraulics. 

The first two chapters are in a great degree a translation 
of D' Aubuisson's well-known work, " Traite d'Hydraulique a 
I'usage des Ingenieurs," which has obtained extensive circu- 
lation on the Continent, as well as in England and America. 
The third chapter, relating to the flow of water in artificial 
channels, rivers, and pipes, is founded on the formula for the 
uniform motion of water, which is in very general use amongst 
English engineers, and possesses great advantages over that 
given by D'Aubuisson, in simplicity and facility of application. 
Indeed, we do not find that this more complex formula has 
obtained the full confidence of foreign engineers themselves. 
Thus M^Girard, who constructed the navigable channel in- 
tended to supply the street fountains of Paris with water de- 
rived from the river TOurcq — being in possession of all the 
necessary dimensions and data, except the rate of inclination 
of the surface in the longitudinal section — calculated this last 
by that more complicated formula of which we speak, but 
finally decided upon constructing the line with a fall nearly 
double that thus obtained (§ 120). The formula given in the 
third chapter has, moreover, served to determine the propor- 
tions and dimensions of many English works of the greatest 
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magnitude, in^Mch have, when completed, been found to fulfil 
perfectly their intended objects ; and consequently it may be 
considered as based on an experience the most reliable, and, 
of all others, the most valuable to the civil engineer. 

Throughout this work, the only unit made use of is the 
foot and the cubic foot. We have in English works on Hy- 
draulics a great variety of units : the gallon, the cubic foot, 
the ton, the cubic yard, the hogshead ; and for length, the 
yard, foot, and inch, which, with the absence of decimal sub- 
divisions in our weights and measures, is always perplexing 
to the reader. 

As soon as the student has become familiar with the value 
of the inches in a foot expressed decimally, it is hoped that 
this arrangement will be found useful. Of the eleven deci- 
mal fractions for the inches in a foot, five are well known, 
namely, i, ^, ^, §, |, and the rest may be readily remembered. 
It will be observed, also, that the eighth of an inch is very 
nearly o.oi ft. 
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The Author takes this opportunity of returning thanks to 
the Board for the liberality they have shown in defraying the 
greater part of the expenses of this Work. 
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INTRODUCTION. 



I. Thb science of Hydraulics has for its object the knowledge 
of the phenomena of fluids in motion, and of the laws which 
regulate the production of these phenomena. 

Applied as an art, its object is to render this knowledge 
available in the designs of the civil engineer, as in the deter- 
mination of the dimensions of pipes for conveying water, gas, 
or air, and also in works for the collecting, conveying, and 
distributing the necessary supply of water, for mill-power, or 
for the summit-levels of canals ; or for the supply of cities; 
and, generally, of all such works as depend f6r their suitable 
construction and proportions upon the result of calculations 
requiring a knowledge of the pressure and motion of fluids. 

2- Fluids are defined to be bodies whose particles, by rea- 
son of their extreme mobility, yield to every the least force ; 
they have, howevar, a certain degree of adherence or viscidity 
which binds them together. These bodies are divided into 
two classes, the incompressible, or fluids properly so called, 
and the elastic. Water is the more common type of the 
former, and the atmosphere of the latter. 

3. Although all fluids, as indeed every substance in nature, 
is in strictness both compressible and elastic, yet the differ- 
ence in degree is so marked, and the distinction in the ex- 
pression of their laws so essential under this point of view, 
that this division must be retained, and hence we have Hy- 
draulics, properly so called, treating of the incompressible 
fluids, especially water, and Aerometry, treating of the at- 
mosphere and gases. 

4. Before entering on the former we must state the values 
of two quantities which occur in all calculations in Hydraulics, 
namely, the weight of water, and the measure of the force of 
gravity. 

In statements of this nature we should carefully distin- 
guish between those that are mere arbitrary definitions and 
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2 INTRODUCTION. 

those which are but inferences from the definition, and also 
those which are natural quantities, determined by experi- 
ments. 

A cubic foot of water weighs 62.32106 lbs. avoirdupois, 
the foot being the third part of a brass bar, constructed by Mr. 
Bird about the year 1760 from the mean of several old and 
inconsistent standards then existing, and which bar was in 
1 824 declared by Act of Parliament to be the unit of measures 
of length, and named the " Imperial Standard Yard." 

The pound avoirdupois was by the same Act defined to be 
7000 grs., the grain being thus determined : — A weight of 
two pounds Troy having been constructed by the same artist 
that made the standard yard above mentioned, the half of it 
(one pound Troy) was divided into 5760 grs. (12 oz. x 20 dwts. 
X 24 grs.), and 7000 of these grains are equal to one pound 
avoirdupois. 

Measures of capacity have for their unit the gallon, which 
was defined to contain 10 lbs. av. weight of water, — the ther- 
mometer at 62^ Fahr., and the barometer standing at 30 inches. 

A cubic inch of water, at the same temperature and pres- 
sure, was found by experiment to weigh in air 252.458 grs.; 
and hence, if we divide 70000 by 252.458, we shall have the 
number of cubic inches in the imperial gallon, which, there- 
fore, is equal to 277.274 cubic inches; and if we multiply 
252.458 by 1728, tne number of cubic inches in one cubic 
foot, we have, as above, 62.32106 lbs. : hence, also, 6.23 im- 
perial gallons to one cubic foot. 

The cubic foot of water is, in practice, taken approximately, 
as equal to 62.5 lbs. av., or 1000 ozs. at 16 ozs. to the lb. ; 
giving 36 cubic feet to a ton, or 6 tons to a cubic fathom. 

The measure of the force of gravity is the velocity ac- 
quired in one second by a body falling freely from a state of 
rest, and is equal to 32.1948 feet per second, and always de- 
noted by the letter g. 

5. The Metre adopted in France in 1798 as the unit of 
lineal measures is equal to 39.37079 inches. It is therefore 
3.28089 feet, and is subdivided decimally into the decimetre, 
the centimetre, and the millimetre ; and in order to assist the 
forming a clear idea of the comparative value of the French 
and English lineal measures, they have been drawn up to i ft. 
in length, on Plate I., from a common zero. The cubic deci- 
metre of water at 39-38® F.j and barometer at 29.922 inches, 
is the standard of weight named the Kilogramme, = 2.20485 
lbs. av. ; hence 1000 kilos == i ton very nearly. 
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CHAPTER I. 

ON THE FLOW OF WATER THROUGH AN ORIFICE CONTAINED 

IN A VESSEL. 

6. The vessel from whence the water issues may be, first, 
maintained at a constant height of surface; or, secondly, it may 
receive no supply, and, consequently, be exhausted; or, thirdly, 
the orifice, instead of discharging freely into the air, may do 
so into another reservoir, under more or less resisting counter- 
pressure : and hence three divisions of this part of the subject. 
The second division also includes the cases in which the level 
of the surface gradually rises or falls, from the supply being 
greater or less than the discharge through the orifice. 

7. The opening through which the water flows may be 
placed either in the bottom or in one of the sides of the expe- 
rimental tank, most generally the latter, in which case the 
surface of the water in the basin should be above the upper 
edge of the orifice : this orifice is opened either in a thin plate, 
— that is to say, in a plate whose thickness is at the most less 
than half the diameter of the orifice, if circular, or smallest di- 
mension, if rectangular ;— or else it is furnished with an adju- 
tage, or short tube, sometimes cylindrical, sometimes conical, 
converging towards an external point, less often diverging. 
An orifice placed in a very thick plate would evidently be 
equivalent to one of the same diameter if placed in a thin plate, 
with an adjutage attached. 

We may also have the surface of the fluid below the upper 
edge of the orifice ; that part of the border or circumference is 
then as if it did not exist, and very frequently it is not ap- 
plied, and the opening is then unlimited on its upper part, and 
is called an overfall or weir. The laws of the flow of water 
in this second case offer some peculiarities, and form the sub- 
ject of a separate investigation. When the surface reaches 
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but up to a very small height above the opening, we also have 
special circumstances : this case is intermediate between the 
two others first mentioned. 

Before entering upon them it is necessary to state 1)riefly 
the general principles of the flow of water, and the modifi- 
cations which the " contraction" of the fluid vein suffers in 
passing through the various orifices to be noticed. The vertical 
distance of the surface of the fluid above the centre of gravity 
of the orifice is called the charge of the water upon the orifice, 
or the head under which the flow takes place. This point is 
not the true depth at which the mean velocity is found, but 
may without any sensible error be taken to represent it ; the 
exact determination of it will be found in §§ 44* to 48. 

8. Velocity of Water Jlowing from an Orifice, — Let a vessel 
X (Fig. I), maintained constantly full of water up to the level 
AB, have upon the horizontal faces CD and EF the orifices 
M and N ; the fluid will issue in vertical jets, which will rise 
almost to the level of the water AK ; they would rise fully up 
to it but for the resistance of the air. Now, by the first princi* 
pies of Dynamics, in order that a body impelled in a vertical 
direction should reach to any height, it is necessary that at the 
point of departure it should have had a velocity equal to that 
which it would have acquired in falling freely from that 
height ; consequently, the particles of the fluid must have had 
a velocity nearly equal to that due to the charge — that is, to 
the height of the surface of the water above the orifices, — the 
only supposition in the application of the principle to the flow 
of water being that the particles of the fluid are perfectly in- 
dependent of each other after they leave the orifice. 

So also, if upon a vertical face BR an orifice O be placed, 
we shall see below that from the respective values of the lines 
OP and PQ, the fluid must have issued from O with a velo- 
city due to the height OB. It would issue with a velocity due 
to BR, if the orifice had been opened in the bottom RT of 
the vessel ; and the velocity is the same in O, in Oi, and O2, 
the directions being different, but the charge the same. This 
truth holds good for different orifices, whatever may be the 
ratio of the area of the orifice to the horizontal section of the 
water in the vessel, provided that the level of the water is kept 
constantly the same, and tranquil ; which last, however, cannot 
be attained, if the orifice be large in proportion to that surface 
— the water of the supply, in that case, producing disturbing 
movements in the reservoir. 

A second method of determining the velocity is by mea- 
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suring the curve of the path of a jet of water issumg 
from an orifice in the vertical side of a cistern. To have 
a clear notion of this method, it is necessary to recall the fol- 
lowing principles : — When a body is projected in any di- 
rection AY (Fig. 13) with a certain velocity, the combined 
action of this velocity with the force of gravity causes it to de- 
scribe a curved path, AMB. I£ the velocity, and consequently 
the resistance of the air, be not very great, the curve is a pa- 
rabola. The demonstration of this may well be repeated here, 
though given in many works. 

Let V (Fig. 13) be the velocity with which the body is 
sent forth in the direction of Ax, and t the time spent in 
reaching the point N ; then, since the velocity in the direction 
AN is uniform, AN = vt; on the other hand, if the body had 
been only under the action of the accelerating force of gravity, 
it would have descended from A to a point P during that same 
interval ^, such that we should have AP = ^t^. If we com- 
plete the parallelogram APMN, the point M will have been 
reached under the joint action of these movements in the same 
time t in which the point P was attained under the ,8ole ac- 
celerating force ; and it will have, therefore, traversed the arc 
of the curve, whose abscissa will be AP, and ordinate MP, 
parallel to the axis AY. Let x = AP and y « MP, we have 
therefore 

(a) aj = ~ and 

2 

(b) p=^vt 

From (6) we have t = - and ^' = ^ ; substituting this value of 

t^ m (a), we have ^ = a:, or y' = «= , or calling k the 

^ ' 21?' g 20 

height due to the velocity r, and remembering that — = A, we 

if 

have 

{c) y^-4*a?, 

which is the well-known equation of the parabola, of which 
4A is the parameter. 

Hence this theorem, " that a heavy body projected with 
any force whatsoever describes a parabola, whose parameter 



6 FLOW OF WATER — GENERAL PRINCIPLES. 

is equal to four times the height due to the velocity of pro-* 
jection/' 

This truth, which has been proved for any body in general^ 
holds good also for a jet of water issuing from an orifice (Fig. 
14). If this orifice be opened in a vertical plate, the axis of 
projection being horizontal, the ordinates will be horizontal, — 
that is, the distances of the difierent points of the jet from the 
vertical let down from the centre of the orifice ; and if through 
any point C of this vertical we draw a horizontal plane, then, 
according to the theorem, the square of the distance CD — 
called the range of the jet — taken in this plane (or generally 
of any distance MP), divided by four times the corresponding 
fall, AP, will give the height due to the velocity of exit, as 

from (c) we have A = — . 

^ 4a? 

And the permanent form that the jet of water assumes 
being identical with the path of any single particle acted on 
by the same forces, we are enabled to use it as a mode of 
measuring the velocity of the water at its issue from the orifice. 
A vertical rod divided into any scale of equal parts, and firmly 
fixed, having its zero at the centre of the orifice, has applied 
to it at right angles another rod similarly divided, and having 
a stock like a T square, so as to slide up or down the vertical 
fixed rod, and its zero being in the vertical let fall from the 
mouth of the orifice, we can then measure any ordinate PM 
and corresponding abscissa AP. Hence, by measuring y and 
07, we can calculate A, the height due to the velocity of exit, 
from the formula just given. Dividing both sides of equation 

(c) by 4ic we have A = — , and comparing A so found with H, 

the charge, we find them very nearly coincident, as in the fol- 
lowing Table of experiments by Bossut : — 



Curve of the Jet. 


Height due 

to Velocity 

of Exit. 


Charge. 


1 
Differences. 


Abscissa = x 


Ordinate = y 


Feet 
20.598 
15.284 

4.624 


Feet. 

24.698 
27.716 
20.500 


Feet 
7.404 
12.564 
22.720 


Feet. 

7.511 

12.890 

23583 


Feet. 

0.107 
0.326 
0.863 
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Thus ,^ = ' = 7. 404 J and so of the other num- 

4x20.598 82.4 ' 

bers in the third column. 

The diflference between the third and fourth columns in- 
creases with the charge, and we should expect it to be so, 
since the cause of this difference — the resistance of the air — 
increases as the square of the velocity, and, consequently, 
nearly as the charge. Had it not been for this, the difference 
had been very nearly equal to zero, and the velocity at the 
section of contraction, as mentioned in p. 4, § 8, is truly stated 
as equal to that due to the charge. This general proposition 
may consequently be laid down : — " Water flowing through 
an orifice in a vertical thin plate issues with a velocity, y. />., 
equal to that due to the charge." 

Thus the velocity acquired by a body falling freely by the 
force of gravitation nrom the height H, is equal to that of the 
fluid as it issues from the orifice ; that is — 



called after Toricelli, its discoverer, the Torricellian theorem, 
in which H is the " charge," measured from the surface down 
to the centre of gravity of the orifice, and p, the dynamical 
measure of the force of gravitation, being the rate or number 
of feet per second, with which a body falling freely is moving 
at the end of the first second. 

9. The following table exhibits the results of experiments 
by Castel, D'Aubuisson, Bossut, Poncelet, &c., also proving 
this truth. 

It will be observed that the charges vary from i to 200 
and more, and the sections of the orifices from i to 500, and 
yet in all cases the velocities have followed the ratio of the 
square roots of the charges, minute discrepancies, sometimes 
giving too great a number, and sometimes too small, being in- 
separable from experiments of this nature. 

The actual object of measurement in the experiments was 
the qtmntity discharged in a given time ; but it is evident that, 
with the same orifice^ the discharge is exactly proportional to 
the velocity with which the fluid issues, and, therefore, that 
column in the Table which expresses the gauged discharges, 
reference being made to some one discharge as a unit, also ex- 
presses the velocities. 
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Table thawing thai the VeloeiHes are proportionaJ to the square roots 

of the Charges. 



Diameter 

of the 

Orifice. 


Charge above 
the Orifice. 


Series of ■ 


Square Roots of 
the Charges. 


Disdiarges or 
Velocities. 


FeeL 
0.0328 


Feet 
0.085 
0.098 
O.13I 
0.164 
0.196 


I.OOO 

1.074 
1.241 
1.386 
1.519 


I.OOO 
1.064 
1.244 

1-393 
1.524 


0.088 


4.265 

9.580 

12.500 


I.OOO 

1.500 

I.7I3 


I.OOO 

1.497 
1.707 


0.265 


7.677 
12.500 
22.179 


I.OOO 

1-305 

1.738 


I.OOO 

I.30I 

1.692 


0.531 


6.922 
12.008 


I.OOO 

I.3I6 


I.OOO 

I.3I5 


Squure Orifice 
0.656 

b7 
0.656 


I.312 
2.296 
3.281 
4.265 
5.249 


I.OOO 

1-323 

I.58I 
1.803 

2.000 


I.OOO 

1.330 
1.590 

1.806 

2.000 



10. The general principle, that the velocities are as the 
square roots of the charges, as also the theorem of Torricelli 
(§ 8) in the case in which it is applicable, extends to every 
kind of fluids, — to mercury, oils, alcohols, and even aeriform 
fluids ; so that the velocity with which each of them issues 
from an orifice is independent of its particular nature, and of its 
density, it depends solely on the charge. Experiment demon- 
strates this, and veary simple reasoning suffices to show its 
truth. Take the case 01 mercury: the particles situated 
immediately in front of the orifice, and in which it is neces- 
sary to create a certain velocity, are, it is true, fourteen times 
more dense than those of water, and they, consequently, 
oppose to motion a resistance fourteen times greater than it 
would do ; but the mass also which presses upon these par- 
ticles, and produces the velocity of exit, being greater in the 
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same proportion, gives a motive force fourteen times greater* 
Thus a compensation exists, and the velocity impressed re- 
mains the same ; and, in like manner, it may be proved for a 
fluid lighter than water. 

II. The proposition that has now been laid down with 
respect to the velocity of water issuing through an orifice is 
equally true in cases when the discharge takes place in vacuo, 
the velocity is always the same, with the same head, whatever 
be the pressure upon the free surface of the water in the ves- 
sel, provided the jet of water at its exit from the orifice be sub- 
ject to an equal exterior pressure. But the velocity will be 
very different from that due to H, if the pressures be not equal 
upon these two surfaces. 

If the pressure per square inch be greater against the ori- 
fice at A than upon the free surface of the water BC (Fig. 2), 
then the excess of the former above that on the free surface 
must be less than that of a column of the fluid whose height 
is the vertical distance of the orifice A, below the surface BC, 
otherwise there could be no diacharge- 

Let us, then, take an horizontal plane DE, below the plane 
BC, and at such distance from it that the weight of a column 
of the water contained between the two planes, and whose base 
is the unit of surface, may be equal to the excess of pressure 
at A, of which we are speaking, — the water in the vessel hav- 
ing but a very slight degree of motion, on account of the rela- 
tively small area of the orifice, which is always understood to 
subsist ; and, therefore, we may assume the pressures to be 
transmitted, as if the contained liquid was in equilibrium. 
The pressure, then, which exists upon any point in the plane 
DE will be equal to that upon any point in BC, plus the sup- 
posed excess of pressure against the exterior of the orifice ; 
and, therefore, the pressure will be the same upon the plane 
DE, and that against the orifice at A. The liquid below the 
plane DE is then in the same condition as if that contained 
between BC and DE were removed, and the free surface and 
exterior of the orifice were under equal pressures ; and thus the 
same formula will represent the velocity : 



r=y2^(H-A0> 

hi denoting the depth of the plane DE below BC. 

1 2. If the exterior pressure on A were less than that upon 
the surface BC, we may conceive the excess of pressure upon 
it to be produced by a liquid of the same specific gravity as 
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that in the vessel, applied above BC and terminating in a free 
surface D^ E', situated at such height that the vertical distance 
represents, as before, the column of the liquid whose pressure is 
equal to the excess of the pressure on BC above that against 
the orifice at A. The flow, then, will take place with the same 
velocity as if the free surface of the liquid, instead of being in 
theplane BC, and supporting this excess of pressure, were at 
D'E', and supported the same pressure as the orifice at A ; the 
formula will then be — 

if we take A2 equal to the vertical distance of D'E' above BC. 
We see thus that a diminution or augmentation of the pres- 
sure upon the free surface of the liquid in the vessel, without 
any change in that against the orifice at A, causes a corre- 
sponding diminution or augmentation in the velocity of the 
issuing fluid, and, on the contrary, that a diminution or aug- 
mentation of the pressure against the orifice without any change 
in that upon the free surface, causes a corresponding augmen- 
tation or diminution in this velocity. 

Examples. — Thecondenser ofa low-pressure steam-engine 
oflTers an example of the second case ; for, let us suppose a va- 
cuum of 25 inches of mercury to be maintained, and that the 
head of water in the cistern (Fig. 3) supplying the jet of cold 
water which eflPects the condensation, were 2 feet above the 

1)oint at which it enters this partial vacuum, then the actual 
lead producing the flow is 2 + 28.25 = 30.25 feet, for, pure 
mercury being 13.56 times heavier than water, we have the 
height of a column of water which would balance that of 
25 mches of mercury equal to 25 x 13.56 = 339 inches, or 
28.25 feet. 

The self-acting contrivance for supplying the feed-water 
to low-pressure boilers (Fig. 4) comes under the first case : the 
pressure being supposed 5 lbs. per inch above the atmosphere, 
it is required to place the cistern of the supply so high, that 
on the opening of the valve a, by the float h descending below 
the proper level, the water may enter against the pressure of 
the steam. Now, as the cubic foot of water weighs 62.5 lbs., 

a column i foot high and i square inch base weighs — 

e= 0.434 lbs., and, therefore, the height of the column of water 
to balance any given pressure expressed in pounds per square 
inch is found by dividing that number by 0434 in this case, 
5 -T- 0.434 = 11.52 feet: this gives exact equilibrium ; the ad- 
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ditional head in order that it may enter with due rapidity (from 
2 to 4 feet generally) will depend upon the consumption of the 
boiler and the area of the supply pipe. It is evident that this 
mode of supply is not convenient in high-pressure boilers ; 
for suppose the pressure to be 50 lbs. per inch, then the height 
to produce equilibrium will be 1 15.2 feet. The pressure in a 
hydraulic press is frequently 3 tons per square inch, equal to 
(3 X 2240) 6720 lbs., and 6720 -^ 0.434 = 15484 feet. 

If, instead of a free surface in the cistern, we had supposed 
a solid piston or plunger to press on the enclosed water, the 
head should in like manner be calculated, by turning the pres- 
sure per square inch on the piston into vertical feet of water. 

13. Having thus established the law of the velocity of a 
fluid issuing from an orifice, let us proceed to apply it to the 
determination of its discharge, which is defined to be the vo- 
lume of the fluid which escapes in the unit of time, i.e. one 
second. 

If the mean velocity of all the particles was that due to 
the ** charge" H, then this velocity, which is called the theo- 
retic velocity, would be ^2ffH; and if at the same time the 
particles issued from all points of the orifice in parallel threads, 
it is evident that the volume of water flowing out in a second 
would be equal to the volume of a prism which would have 
the orifice for its base, and that velocity for its length ; and, 
calling S the area or section of the orifice, the volume of water, 
or of the prism, would be — 



This is the theoretic discharge. 

14. But the actual discharge is always less than this. In 
order to have an exact idea of the phenomena, let us consider 
the fluid vein a short distance after its issue from the orifice, 
and let us suppose it cut by a plane perpendicular to its direc- 
tion. It is manifest that the discharge will be equal to the 
product of the section by the mean velocity of all the several 
threads at the moment they intersect the plane of the section. 
If this section was equal to that of the orifice, and if this velo- 
city was that due to the charge, then the actual discharge 
would also be equal to the theoretic discharge. But whether 
from the section of the vein being considerably less than that 
of the orifice, — as in the flow through orifices in a thin plate, 
or from the velocity being considerably less than that due to 
the charge, as in cylindrical adjutages ; or, again, from a di- 
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minution in both the section and the velocity, as in certain 
conical adjutages, — it always results, that the actual discharge 
is in every case less than the theoretic, and, in order to reduce 
this last to the former, it is necessary to multiply it by some 
fraction. Let m represent this fraction, and Q the actual dis- 
charge in one second, we shall then have — 

Q = mS 1/2^. 

And designating the volume of water flowing off in the time 
T seconds by Q' we shall have — 



Whether the diminution in the discharge arises from a 
diminution in the section, or in the velocity, it is always a 
consequence of the contraction which the fluid vein suffers in 
passing through the orifice, and thus the multiplier wi, or " co- 
efficient for the reduction of the theoretic to the actual dis- 
charge," is generally called the " coefficieut of contraction,** and 
is taken to represent the aggregate effect of all circumstances 
tending to diminish the discharge. Its accurate determination 
is of the greatest importance ; upon its degree of exactness de- 
pends that of the results we obtain when we would apply to 
practice formulae upon the flow of water. We shall now pro- 
ceed to give the results of experiments on the value of the 
symbol w, making some preliminary statements upon the cause 
of the "contraction," and the nature of its effiects; and also 
upon the Ibrm of the fluid vein — the orifice being circular — 
its dimensions, and the effect of the form upon the discharge, 

15. Cause of the Contraction. — If we take a glass vessel 
(Fig. 5), in the side of which is an orifice through which the 
water flows, and render visible the movement of the molecules 
of the water in the vessel by disseminating through it a sub- 
stance of equal specific gravity, and very minute, or by produc- 
ing within the water some light chemical precipitation, such 
as occurs when we let fall a few drops of nitrate of silver in 
water slightly saline, — we then see at a small distance from 
the orifice, as, for instance, about an inch, when its diameter is 
three-eighths of an inch— the fluid molecules converge from all 
parts towards the orifice, describing curved lines, and, finally, 
as if approaching a centre of attraction, issue forth with a ra- 
pidly increased motion. 

The convergence of the directions that they had within the 
vessel at the moment of their arrival at the orifice still conti- 
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nues for a short distance after they have passed out, so that we 
can plainly see the fluid vein gradually diminish, and become 
contracted up to the place where the particles, from the effect 
of their mutual action, and of the motions impressed upon 
them, take directions, it may be parallel to each other, or in 
some other lines. The vein thus forms a species of truncated 
pyramid or cone, whose larger base is the orifice, and smaller 
the section of the fluid at its place of greatest contraction, a 
section which is often called the "section of contraction." 
This figure, and all the phenomena of contraction, are thus a 
consequence of the convergence of the several threads of wa- 
ter when they arrive at the orifice. 

1 6. Effects of the Contraction. — When the orifice is in a thin 
plate, the contraction is completely external to the reservoir ; 
it is thus clearly visible, can be, and, in fact, it has been, mea- 
sured, as we shall mention directly. When the orifice is cir- 
cular, the fluid vein, after having reached the minimum section, 
continues of the same transverse area, and is thus cylindrical in 
form, having a velocity very nearly equal to that due to the 
charge. The discharge will, therefore, be the product of this 
section by the velocity, so that the eflect of the contraction 
is limited to the reduction of the value of the section which 
enters into the expression of the discharge. The flow will 
take place as if the actual orifice had been replaced by an- 
other whose diameter was equal to the "section of contrac- 
tion," but in which supposed orifice no true contraction took 
place. 

If to the orifice AB (Fig. 6) we attach a tube or cylindri- 
cal adjutage, the fluid threads will arrive at AB, converging, 
and therefore the fluid will contract at the entrance. Experi- 
ments prove that this contraction is identical with that of the 
thin plate ; it will, however, be internal with respect to the 
mouth of the tube. Moreover, beyond the "section of con- 
traction" the attraction of the sides of the tube occasions a di- 
latation of the fluid vein ; the threads follow these sides, and 
issue parallel to each other and to the axis of the tube : so 
that the section of the vein at its exit is fully equal to that of 
the orifice in the side of the reservoir, but the velocity is not 
that due to the charge. If the flow was produced solely by 
the pressure of the fluid, probaby the velocity at the section 
of contraction would be that due to the charge, and would 
diminish in proportion as the transverse section of the vein 
enlarged, in consequence of that law or axiom of hydraulics : 
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namely — when an incompressible fluid is in motion, forming a 
continuous mass ; then the yelocitj, at all its diverse sections, 
is inversely proportional to the area of the section. The di- 
minution of velocity would cease when the fluid vein had, in 
di versing, reached the sides of the tube. 

Now, since m is the ratio of the "section of contraction" 
to the section at the orifice, the velocity along the sides, and 

consequently at the mouth of the tube, would be »i \/ 2^H, 
and for the discharge we should have S xmy/ 2^H. In the 
orifices in a thin plate this discharge was also mS^2ffIly 
giving the same discharge in both cases, — the only difference 
being, that in the latter area is effected, in the former the ve- 
locity : in the case of the added cylindrical adjutages it falls on 
the velocity. But the attractive action of the sides of the ad- 
jutage modifies this supposed state of things : not only does it 
cause the deviation of the fluid threads we have mentioned, 
but it is found that it also augments their velocity, so that the 
velocity of exit is greater than that given by the expression 

m^ 2f^hl; it will be /wV 2y W> '^^ which m is greater than m, 
and the discharge will be aS x wV 2^H. 

We thus see, that, in cylindrical adjutages, and, indeed, 
in adjutages in general, the effect of the contraction of the 
fluid vein is complicated with that of the attraction of the 
sides. Without being able to assign that which belongs to 
the first alone, it may be said that every internal contraction 
is connected with the diminution of velocity ; and that every 
external contraction produces a diminution of section. 

17. Form and IJimensions of the Contracted Vein of the 
Fluid. — Let us next examine the form that it gives to the fluid 
vein issuing from an orifice, in the simple case of a circular ori- 
fice in a thin plate, truly plane. Everything being symmetri- 
cal around the different points of the orifice, the direction, as 
well as the velocity of the molecules, the contracted vein ought 
also to be of a symmetrical form, and, consequently, a solid of 
revolution — a conoidal figure. It is actually so according to 
the observations that have been made, and which the figure 
AB ah (Fig. 7) represents. Beyond ah the contraction ceases, 
and the vein continues sensibly cylindrical for a certain length, 
until the resistance of the air and other causes entirely destroy 
this form. 

The earlier measurements that have been made give to the 
three principal dimensions AB, aJ, and CD, the ratio of the 
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numbers i.oo, 0.79, and 0.39. The length of the contracted 
vein would thus be about half the diameter of the smaller sec- 
tion, and 0.39 of the larger, that is, of the orifice. 

18. Michelotti, from a mean of more recent experiments 
on a large scale, has adopted i.oo, 0.787, 0.498 : these D'Au- 
buisson follows. The ratio of the diameters AB and ad being 
thus I to 0.787, that of the sections is i to (0.787* =) 0.619, 
that, namely, of the squares of the former numbers ; thus, if s 
be the *' contracted section," and S that of the orifice, we shall 
have — 

* = 0.619 /S, 

and, consequently, the discharge in one second, §§14 and 
16— 

S^ 2ffil9 or 0.619 Sy/2ffHy 

so that the value of ?w, or the " coefficient of contraction," as 
determined by actual measurement, is, at the mean, equal to 
0.619, being a little less than that which results from experi- 
ments on the discharge. 

If the velocity at the passage of the "section of contrac- 
tion" was actually that due to the charge, and that the flow 
took place through an adjutage of the exact form of the con- 
tracted vein, and that in the expression for the discharge the 
area s of the exterior orifice of this adjutage, taken at the ex- 
tremity, were introduced, then the calculated would be equal 
to the actual discharge, and the coefficient of the reduction of 
the one to the other would be equal to unity ; and Michelotti, 
in one of his experiments in which he employed a cycloidal ad- 
jutage, has reached 0.984. It is very probable he would have 
actually reached i, if this form had more accurately been 
adapted to that of the fluid vein, and if the resistance of the air 
had not somewhat retarded the motion. 

19. Flow of Water through an Orifice in a Thin Plate. — 
We come now to the direct determination of the coefficient 
for reducing the theoretical to the actual discharge. For 
this purpose it is necessary to gauge with care the volume of 
water discharged in a given time under a constant charge, 
from which we deduce the flow in one second, or the actual 
discharge ; and, dividing this by the theoretic discharge for the 
same head and same orifice, the quotient is the coefficient 
required. 

Example. — Thus with ahead of 4.012 feet we have a ve- 
locity of 16.07 feet per second ; and the diameter of the orifice 
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being 3.185 inches, we have its area equal to 3.185' x 0.7854 

= 7.97 square inches, and — = 0.0554, its value in square feet; 

this, multiplied into the velocity of the water, gives the 
volume of the prism or cylinder equal to that of the water 
discharged; that is (§ 13), 0.0554 x 16.07 = 0.8903 cubic 
feet per second. But having found that in ij minutes the 
actual discharge is 49.68 cubic feet, and reducing this to its 

value for i sec. by dividing by 90, we obtain ^^ =0.552 cubic 

feet as the discharge in i sec. ; hence, dividing the actual by the 

theoretic discharge, we find for the coeffixdent ^j^ = 0.620. 

Many hydraulicians have for a long time been engaged 
in its determination. The following Table, from D'Aubuis- 
son, gives the principal results obtained by experiments up 
to the present time, and which, having been made under fa- 
vourable circumstjinces, are generally received. They include 
circular, square, and rectangular orifices : — 

Tables of the Results 0/ Experiments to determine the " Coefficient of 

Contraction.^^ 





CIRCULAR 


ORIFICES. 




Observers. 


Diameters. 


Charges. 


Coefficient. 




Feet 


Feet 




Mariotte, 


0.0223 


5.8712 


0.692 


Do. 


0.0223 


25.9120 


. 0692 


Castel, . . 


0.032^ 


2.1320 


0.673 


Do. 


0.0328 


I.0168 


0.654 


Do. 


0.0492 


0.4526 


0.632 


Do. 


0.0492 


0.9840 


0.617 


Eytelwein, 


0.0856 


2.37H 


0.618 


Bossut, . . 


0.0889 


4.2640 


0.619 


Michelotti, . 


0.0889 


7-3H4 


0.618 


Castel, . . 


0.0984 


0.5510 


0.629 


Venturi, . . 


0-1345 


2.8864 


0.622 


Bossut, . . 


O.I 77 1 


12.4968 


0.618 


Michelotti, . 


0.1773 


7.2160 


0.607 


Do. 


0.2657 


7.3472 


0.613 


Do. 


0.2657 


1 2.4968 


0.612 


Do. 


0.2657 


22.1728 


0.597 ? 


Do. 


0.5314 


6.9208 


0.619 


Do. 


0.5314 


12.0048 


0.619 
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SQUARE ORIFICES. 


Observers. 


Side of Square. 


Charges. 


Coefficient 


Castel, . . 
BosBut, . . 
Michelotti, . 

Do. 
Bossut, . . 
Michelotti, . 

Do. 

Do. 

Do. 

Do. 

Do. 


Feet 
0.0032 
0.0885 
0.0885 
0.0885 
O.1771 
O.1771 
O.1771 
O.1771 
0.2689 
0.2656 
0.2656 


Feet 

0.1640 

12.5000 

12.5000 

22.4078 

12.5000 

7.3472 
12.5624 

22.2384 

7.3489 
12.5624 

22.3700 


0.616 
0.607 
0.606 
0.618 
0.603 
0.603 
0.602 
0.616 
0.619 
0.616 


RECTANGULAR ORIFICES. 


Rectangle. 


Charges. 


Coefficients. 


Height 


Base. 


Feet 
0.0301 
0.0301 

ao3oi 
0.0301 


Feet 
0.0606 
O.1213 
0.2423 
0.4847 


Feet 
1.0824 
1.0824 
1.0824 
1.0824 


0.620 
0.620 
0.621 
0.626 



20. The experiments of Michelotti were carried on about 
three miles from Turin, at an hydraulic establishment con- 
structed for experimental purposes, consisting of a building 
26 feet high, supplied with water from the River Dora by a 
canal of derivation. The internal dimension was a square of 
3 feet 2^ inches ; on one of the sides was arranged a series of 
adjutages at the different depths deemed expedient, and upon 
the surface of the ground were arranged the different recep- 
tacles for the gauging of the actual discharges. It may be 
remarked upon his part of the Table, than the coefficients ob- 
tsdned from the large orifices are higher that the others, and 
this contrary to the rule that would be deduced from the ex- 
periments in general. 

21. In order to place the subject of the variation in the 
value of the coefficient, under different circumstances of area 
and charge, in a clear point of view, the following Table of 
MM. Poncelet and Lesbros' experiments at Metz, in the north 
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of France, in 1826 and 1827, is given. In these experiments 
the orifices are rectangular, and all of the same breadth — 
namely, o".2o = 0.656 ft; the heights were successively 0.656, 
0.328, 0.164, 0.098, 0.065, *°^ 0.0328 feet. The charges ex- 
tended from 0.33 feet to 5.58 feet. With each orifice they 
repeated the experiments, taking them with 8 or 10 charges, 
from the smallest, to the highest that the apparatus admitted, 
calculating the corresponding coefficients. They then took 
the charges for the abscissse, and these coefficients for the or- 
dinates of a curve constructed for each orifice, and by its aid 
they determined the ordinates, — that is, the coefficients in- 
termediate to those directly determined by experiment ; and 
thus gave a very extended Table, from which the following is 
taken : — 

Table showing the Results of Experiments to determine the Variation 
in the Value of the Coefficient of Contraction. 



Charge on 

Centre of 

Orifice. 


HEIGHT OF THE ORIFICES. 


■ ■■■ -■ -' 

Difference 

ofmaxl- 

mnmand 

minimnm 

coefiicient8L 


Feet 
0.656 


Feet 
0.328 


Feet 
0.164 


Feet 
0.098 


Feet 
0.065 


Feet 
0.032 


Feet 

0.032 
0.065 
0.098 
0.131 
0.164 
0.196 
0.262 
0.328 

0.393 
0.492 

0.656 

0.984 

1. 312 

1.640 
2.296 
3.281 
4.264 
5.248 
6.562 
9.843 


0.572 

0.585 
0.592 

0.598 

0.600 


0.590 
0.600 
0.605 
0.609 
0.61 1 
0.613 


0.612 
0.617 
0.622 
^0.626 
0.628 


0.638 

0.640 

0.640 

0.640* 

0.639 

0.638 

0.637 

0.635 
0.634 
0.632 
0.631 
0.630 
0.629 
0.627 
0.623 
0.619 
0.613 
0.607 


0.660 

0.660* 

0.659 

0.659 
0.658 

0657 
0.655 
0.654 
0.653 
0.650 
0.645 
0.642 
0.640 
0.637 
0.672 
0.625 
0.618 
0.613 
0.608 


0.709* 
0.698 


0.092 
0.075 
0.063 
0.052 
0.047 
0.041 
0.034 
0.027 
0.021 
0.017 

0.0X2 
0.008 


0.691 
0.685 
0.682 
0.678 
0.671 
0.667 
0.664 
0.660 

0.655 
0.650 

0.647 

0.643 

0.638 

0.627 

0.621 

0.616 

0.613 

0.609 


0.630 

0.631 

0.634* 

0.632 

0.631 

0.631 

0.629 

0.627 

0.623 

0.619 

0.613 

0.606 


0.6x6 

0.6x7* 

0.617 

0.616 

0.615 

0.613 

0.6 II 

0.607 

0.603 


0.602 

0.604 

0.605* 

0.604 

0.602 

0.601 

0.601 



Fig. 8 illustrates this method of interpolation. From the 
point O, the several charges are laid off on the line ON, as 
OX, 0X1, &c., and the corresponding coefficients XY, XiYj, 
&c. ; and the curve being tniced through Y, Yi, Yj, &c., we 
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can obtain the coefficient proper to any charge as O^, by draw- 
ing the perpendicular xy terminating in the curve. 

22. All the numbers contained in this Table are the seve- 
ral values of the coefficient m in the formula Q<= mSy/2gH. 
But those in each column above the transverse line are not 
the true coefficients for the reduction of the theoretic to the 
actual value, as will be shown hereafter. 

Casting the eye over each column, we may see that the 
coefficients increase as the charges are greater, but up to a 
certain point only, although the charge still increases : an as- 
terisk in each column points out the respective maxima. It 
may also be observed, that the coefficients become more nearly 
equal in each column as the charges increase, — the bottom line 
of figures, in which the charge was 3°* = 9.84 feet, being al- 
most identical in each column. 

23. This Table, although constructed &om experiments on 
rectangular orifices, can yet be extended to those of all other 
forms, — the height of the rectangle, as given in the Table, 
corresponding to the smaller dimension of the orifice made use 
of; for it is admitted that the discharge is altogether inde- 
pendent of the figure of the orifice when the area is constant, 
provided only that this figure has no re-entrant angles. 

24. Although these experiments are on a considerable 
scale, yet there are some cases in practice in which the dis- 
charge is twenty or thirty times greater. Such are the sluices 
in lock-gates on canals of navigation. It is a matter of impor- 
tance to determine directly the coefficient of discharge for 
them. 

Table showing the Value of the ^^ Coefficient of Contraction*^ in large 

Sluices: Canal Languedoc, 



Sluice. — Width 4.25 ft. 


Charge upon 
the Centre. 


Discharge 
in I sec. 


Coefficient. 






Area. 


Height. 








Sqaare Feet. 


Feet. 


Feet. 


Cubic Feet. 




7-7442 


1.804 


14.550 


145.3056 


0.613 


6.9928 


1.640 


6.628 


92.6438 


0.641 


6.9928 


1.640 


6.245 


88.2288 


0.629 


6.4664 


1.508 


12.874 


138.6302 


0.641 


6.7237 


1-574 


13.582 


128.7759 


0.647 


6.7237 


1-574 


6.392 


83.9551 


0.616 


6.7237 


1-574 


6.215 


79.8580 


0.594 


6.7172 


'•574 


6.478 


85.2266 


0.621 
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The mean coefBcient,o.625 , is rather greater than that found 
by Poncelet (§ 21), which is readily explained, as the flow of 
water did not take place as if in a thin plate, the contraction 
being suppressed on some parts of the boundary. The wood- 
work which surrounded the sluiceway was = 0.8856 feet thick, 
and on the sill was even =1.771 ft. Thus, when the sluice was 
raised but a small height, the contraction nearly ceased on four 
sides, and the coeflScient was considerably increased. For ex- 
ample, when the paddle was raised only 0.393 ft., it gave a co- 
eflScient of 0.803 5 when raised 1.5 1 ft., it was 0.641. 

25. Particular Cases in which the Contraction is suppressed 
on one or more sides of the Orifice. — In all the diflferent cases 
treated of hitherto, it has been assumed that the fluid arrived 
at the orifice from all parts equally, but frequently this is not 
so. For example (Fig. 9), when a rectangular orifice is at the 
bottom of a vertical plate, and its inferior edge is on the level 
of the bottom of the vessel or reservoir, the contraction is then 
destroyed on that side, the particles of water being compelled 
to take a direction parallel to the side of the vessel ; and, con- 
sequently, the discharge is increased. The question arises, 
therefore, how much will the discharge be augmented by the 
suppression of the contraction for a certain length of the peri- 
phery of the orifice ? 

The following Table gives the result of experiments in- 
stituted with the view of determining this point. The orifice 
was rectangular, 0.177 feet in base, and 0.089 ^®^^ "^ height. 
The plates, which were attached, sometimes on one side, some- 
times on two or three of the sides, were 0.22 feet long; that 
is, they advanced this much into the reservoir. The flow was ' 
produced by charges from 6.56 feet to 22.56 feet in height : — 

Table showing the Increase of the " Coefficient of Contraction^^ by its 

Suppression on Fart of the Sides, 



Portion of Orifice 
without Contraction. 


Coefficient 


Batioof 
Increase. 




1 


0.608 
0.620 
0.637 
0.659 
0.680 
0.692 


I.OOO 
1.020 
1.049 
1.085 
1. 119 
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26. In this Table the last column has for its unit the dis- 
charge when the orifice is perfectly free : the numbers, there- 
fore, indicate the increase in the coefBciente, and, consequently, 
in the discharges. The formula deduced by M . Bidone, the 

experimenter, is i + 0.152 -, in which n represents the length 

of the part of the perimeter in which the contraction is sup- 
pressed, and p the perimeter of the orifice. The greatest er- 
ror of this formula being but the ^\'** part, it may be used for 
the value of the discharge when, in the case of rectangular ori- 
fices, there is no contraction on part of the boundary, and the 



«. 



actual discharge then is mSy/ffH (i +0.152 -). 

27. Orifices in plates not being true planes. — The suppo- 
sition hitherto has always been that the sides or plates in which 
the orifices were placed were truly plane ; they may, notwith- 
standing, be of very different surfaces. In order to have a 
clear idea of the effect which this alteration produces upon the 
fiow, it is necessary to recall to mind that if the threads of the 
fluid vein did arrive at the orifice mutually parallel, the actual 
discharge would be equal to the theoretic, and that it is less 
only by reason of the oblique directions in which they meet, 
from which necessarily results a destruction of part of the ac- 
quired motion at the point of contact. If, therefore, we ima- 
gine around the orifice a spherical surface of a radius equal to 
that of the sphere of action of the orifice, and this surface ter- 
minated by the sides of the vessel, then it must be intersected 
on every point, and in directions nearly perpendicular, by the 
threads of the issuing fluid (Figs, i o and 11); and the larger 
the portion of the sphere this surface may be, and the more 
oblique, or even opposite, to one another, the threads of the 
fluid arrive at it, then the more the motion is destroyed at the 
entrance of the orifice, and the less the discharge is found to 
be. When the sides are developed in one plane, then this 
supposed surface is a hemisphere (Fig. 6), and the coefficient 
of the particular case is given above, p. 18, § 21. But if they 
are disposed in the form of a funnel, or, if simply concave, to- 
wards the interior of the vessel, then the surface of this sphere 
is of less extent, and the discharge more considerable — not, how- 
ever, following exactly the inverse proportion of the spherical 
surface. If, on the other hand, the side is convex, the discharge 
is diminished, and it will be less still in the case represented 
in Fig. 10. Lastly, it will be at its minimum if the supposed 
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surface should become an entire sphere; and this would happen 
if it was possible to carry an orifice into the midst of the mass 
of the fluid enclosed in the vessel. 

28. Borda has succeeded in realizing this case almost com- 
pletely. He has introduced into a vessel (Fig. 1 1) a tube of 
tin 0.443 ^^^^ ^^^S ^^^ 0-I05 feet in diameter, and under a 
charge of 0.82 feet he has caused the flow to take place, so that 
the effluent water did not touch the sides of the tube at all. 
The actual dirtcharge has been only 0.515 of the theoretic, and 
from various circumstances Borda was led to think that he 
might have reduced it to 0.50. 

Having subsequently surrounded the orifice of the entry 
of the tube with a border or rim, and having thus reduced it 
to the condition of being in a perfectly plane plate, although 
in the centre of the fluid mass, he found the coefficient rise to 
0.626. The same result might be obtained by employing a 
simple tube, but formed of a thick material. Fig. 12 shows 
the manner in which the fluid bends around the exterior edge, 
and enters the tube without touching the internal sides, — 
the thickness being about y^^ of an inch, or 0.0065 ^®^*» ^^^ 
the edges cut truly square : thus all that part of the sides 
within the exterior periphery is, as far as the discharge is con- 
cerned, as if totally removed ; and it is this external diameter 
that should be introduced in all calculations relative to inter- 
nal adjutages. By taking it, M. Bidone has found, from two 
experiments in which the effluent fluid did not touch the sides, 
that the coefficient was nearly 0.50, — that is, the section of 
contraction was half the orifice taken at the external circum- 
ference. 

29. Thus 0.50 and i.oo will express the limits of the coef- 
ficients of contraction, — limits to which they may approach 
very nearly, but which they can never actually attain. For 
orifices in a plate truly plane it does not descend below 0.60, 
or rise much above 0.70 ; and in ordinary practice it ranges 
between 0.60 and 0.64. As a mean term, 0.62 is generally 
taken ; so that — 

Q=^mSy/ 2ff\i. = o.62Sy/ 2^H = 4.^6 Sy/ H ; 

and if the orifice be circular of a diameter d, the area is ex- 
pressed by d* X 0.7854 = aS, and Q = 3 .0 c^V H. For greater 
exactness in the coefficient, recourse snould, however, be had 
to the Table, page 18, § 21. 
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30. Effects on the Discharge when the Fluid has Velocity 
antecedently. — If the water contained in the reservoir, instead 
of being in a state of repose, was moving in the direction of 
the orifice, — as when the vessel, having but a relatively small 
section, has a supply of water brought into it, and flowing di- 
rectly up to the plate or side in which the orifice is opened, — 
then the particles of the fluid would issue, not only in virtue 
of the pressure exerted by the fluid mass which is above it, 
but with the additional velocity that they had when they en- 
tered into the sphere of action of the orifice ; we must, there- 
fore, add to the actual charge measuring the pressure a new 
term, which will be the height due to this supposed velocity 
of arrival. Thus, if u represent this velocity, we shall have 

(since — is the height producing the velocity u) the expres- 
sion — 



31. For example : — A basin 20 metres long, and 2" wide, 
and 1*° deep, has at one extremity a plank in which is cut a 
rectangular orifice 0^.55 wide, and o°*.36 deep ; its sill or lower 
edge is o^.pi below the constant level at which the water in 
the basin remains. At the other end it receives a supply of 
water : what then is the discharge ? 

S = 0.55 X 0.36 = o°^°*.i98 
H = 0.91 - -^ 0.36 = 0^.73 
m = 0.600 

the value of wi being deduced by extending the Table, § 21. 
The value of Q, taken first in neglecting w, will be — 



0.600 X 0.198 \/ 2^ X 0.73 =o°*™™.4496= 15.878 cb. ft. 

Now, when water flows in a canal with a mean velocity «, 
we evidently have, s being the transverse section, Q = su. 

Q 

Then, dividing by *, we have — = «, or as 5 = 2"* 

2 

and, therefore, u^ = 0.0505 . 

And putting this value in the general expression — 
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Q = 0.6 X 0.198 V^i4.32i + 0.0505 = o™°^.45025 = 15.9 cb. ft. 

The French measures have been here retained, to afford an 
example for the reduction of the m^tre into English feet, i 
metre being 3.281 ft. 

32. Flow of water ivith cylindrical adjutages. — We have 
already seen (§16) that the addition of a tube to an orifice 
in a thin plate gives a discharge larger than that through an 
orifice in a thin plate ; but in order that it should produce this 
eflPectit is necessary that the water entirely fill the area of the 
external mouth of the tube, and this is generally the case when 
the length of the tube is three or four times greater than its 
diameter : if it be less than this, it frequently occurs that the 
fluid vein which is contracted at the entrance does not enlarge 
80 as to fill the interior of the tube ; the flow in that case takes 
place as if in a thin plate, and this is always the case when the 
length of the tube is less than the length of the contracted 
vein, and, therefore, but half the diameter, or less. 

33. Table showing the increase in the '^Coefficient of Contraction^^ 

by the cylindrical Adjutaye, 



Observers. 


Adjutage. 


Charge. 


Coefficient 








Diameter. 


Length. 








Feet 


Feet 


Feet 




Castel, . 


0.0508 


O.1312 


0.656 


0.827 


Do. 


0.0508 


0. 1 3 1 2 


1.574 


0.829 


Do. 


0.0508 


O.1312 


3-247 


0.829 


Do. 


0.0508 


O.1312 


6.560 


0.829 


Do. 


0.0508 


O.1312 


9.938 


0.830 


Bossut, . 


0.0754 


O.1771 


2.132 


0.788 


Do. 


0.0754 


O.1771 


4.067 


0.787 


Eytelwein, 


0.0852 


0.2558 


2.361 


0821 


Bossut, . 


0.0885 


0.1344 


12.628 


0.804 


Do. 


0.0885 


0.1 77 1 


12.693 


0.804 


Do. 


0.0885 


0-3542 


12.857 


0.804 


Yenturi, . 


0.1344 


0.4198 


2.886 


0.822 


Michelotti, 


0.2656 
Square. 


0.7084 


7.150 


0.815 


Do. 


0.2656 


0.7084 


1 2.464 


0.803 


Do. 


0.2656 


0.7084 


22.008 


0.803 
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34. The mean of these coef&cients gives 0.8 1 7, its value is ge- 
nerally taken as 0.82, so that we have the following formulae: — 

Q = o.82aS/2^ = 6.56AS /H ; 
and if d be the diameter of a circular orifice — 

Q = 0.82 ^ cPy^v/B"" S-iS^rf^v^H. 

35. In the case when the jet issues with the tube full, in 
threads parallel to the axis of the orifice, and when, conse- 
quently, the section is equal to that of the orifice, the diminu- 
tion of the discharge can only occur from a diminution of the 
velocity ; and the ratio of the actual to the theoretic discharge 
is the same as that of the actual to the theoretic velocity. 

Table showing the identity of the " Coefficients of Discharge^'* and 
Velocity, with the cylindrical Adjutage, 



Observers. 


Coefficient of the 


Velocity. 


T 

Discharge. 


Venturi, 
Castel, . 
Castel, . 


0.824 
0.832 
0.832 


0.822 
0.827 
0.829 



The three quantities measured were the " charge" on the centre 
of the tube, the velocity computed by measuring ordinate and 
abscissa, as in § 8, and the volume discharged. The velocity 
due to the charge, compared with that so computed, gives the 
second column, and the product of the area of the tube into 
the velocity due to the charge, compared with the discharge, 
gives the third ; that is — 

V (= a/2^H) : computed Velocity, : : i : 0.824, and 
SxV : Discharge . . . : : i : 0.822. 

We must, therefore, conclude that the velocity of a jet of 
water at the extremity of a cylindrical adjutage is equal to 
0.82 of that due to the charge, and that the " head" due to that 
velocity is but 0.67 of the actual " head" of the reservoir; that 
is (0.82)', because the " heads" or charges are as the squares of 
the velocities. 

36. As to the cause of this increase of the coeflScient from 
0.62 to 0.82, D'Aubuisson ascribes it to the attraction of the 

E 
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sides of the tube and the divergence of the fluid threads. 
After they have come in contact with them, they are forcibly 
retained by the molecular attraction, such as that which causes 
the rise of fluids in capillary tubes : by this same force the 
outer threads draw after them the inner, and so all the vein 
issues with a full tube, and passes with an increased velocity 
through the contracted section. The immediate cause is the 
contact ; and every circumstance which favours that tends to 
produce an augmentation of the coefficient. 

37. Flow of water through conical converging adjutages, — 
Conical adjutages, properly so called, that is, those which are 
slightly converging to a point exterior to the reservoir, aug- 
ment the discharge still more than the preceding. They give 
jets of great regularity, and throw the water to a greater dis- 
tance or height, and are hence frequently used in practice: the 
effects vary with the angle of convergence of the sides. 

Two distinct contractions of the fluid vein take place with 
this adjutage — one interiorly, or at the entrance of the adju- 
tage, which diminishes the velocity due to the charge ; the 
other at the exterior ; in consequence of which the true section 
of the fluid vein is slightly less than the area of the external 
mouth of the adjutage. 

If, therefore, we put S for the section of the external ori- 
fice, V for the velocity due to the charge, the actual discharge 
will be expressed hj nS y^ n'V=n7iSV^ the two coefficients n 
and n' must be found by experiment, n being the ratio of the 
section of the fluid at its least diameter to that of the orifice, 
or the coefficient of the exterior contraction, and w'that of the 
actual velocity to the theoretic, or the coefficient of the velocity^ 
and nv! their product, is the ratio of the actual discharge to 
the theoretic, or the coefficient oi the discharge. The knowledge 
of these two last is of practical importance in the case of jets 
of water, as in fountains and fire-engines. 

38. In order to determine the coefficients above mentioned, 
and especially to ascertain the angle of convergence that gives 
the maximum discharge, experiments were undertaken with a 
number of adjutages successively (Fig. 1 2*), in all of which the 
diameter of the orifice of final issue and the length of the adju- 
tage remained constant ; but in each the diameter of entrance, 
and consequently the angle of convergence, was increased. The 
flow of the water was produced with diflFerent charges with each 
of these varied adjutages. 

At every experiment the discharge was determined by ac- 
tual gauging, and the velocity of issue by the method of the 
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parabola, given above (§ 8). The discharge, divided by SV, 
gave t he pro duct nn'j and the observed velocity, divided by 
V (= V 2^H), gave »'. 

The series of the numbers nm! showed the discharge cor- 
responding to each angle of convergence, and consequently the 
angle of maximum discharge, and the series of n', marked the 
progression by which the velocities increased. 

39. The same adjutage, under charges which varied from 
0.69 feet to 9.94 feet, or from i to 14, always gave discharges 

proportional to y/ H, and therefore the coefficient, or nn\ has 
been, y. /?., the same also. A very small increase may be ob- 
served with the higher charges. With respect to the coeffi- 
cients of the velocity, they also should have been found con- 
stant but for the resistance of the air. Now, this resistance 
diminishing the throw of the jet, and that in proportion as the 
charge is greater, we should expect in the coefficients calculated 
from it, a decrease augmenting with the charge, — although, 
at the same time, there was no actual diminution in the velocity 
with which the fluid issued, or tended to issue. 

Table showing the " Coefficients with Conical Converging AdjiUages,'*^ 
the angle of Convergence being that giving the maximum Discharge, 
as determined in the next Table, 





Coefficient of the 


Charge. 




Discharge = nn'. 


Velocity = n'. 


Adjutage, 


. . . 0.0508 feet diameter. 


Feet 






0.705 


0.946 


0.963 


1.584 


0.946 


0.966 


3-^53 


0.946 


0.963 


4-893 


0.947 


0.966 


6.579 


0.946 


0.956 


9-938 


0.947 




Adjutage, 


. . . C.0656 feet diameter. 


0.692 


0.956 


0.966 


1.584 


0.957 


0.968 


3.263 


0-9S5 


0.965 


4-913 


0.956 


0.962 


6.586 


0.956 


0.959 


9-938 


0.957 
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Let US, in the next place, compare together the coefficients 
both of the discharges and of the velocities obtained, with the 
different adjutages of one and the same series, — adjutages 
which only differed in the angle of their convergence. Each 
coefficient is derived from a mean of five or six experiments 
taken with different charges, very nearly the same as those put 
down in the preceding Table. 

Table showing the variation of the Coefficients of Discharge and Ve- 
locity vfith Conical Converging Adjutages at different angles. 



Angle of 
Conyergence. 



Coeffident ofthe 



Discharge. 



Velocity. 



Diameter, 



0.0508 feet. 



8° 



o' 

36' 
10' 

10' 

26' 

5^' 
58' 



10" 20 
12° +' 






'3" 

H° 
16° 

19° 

21° 

29° 

K 
48° 



24 
28' 

36' 

28' 

o' 

</ 

58' 

20' 

50' 



0.829 

0.866 

0.895 
0.912 
0.924 
0.929 

0-934 
0.938 

0.942 

0.946 

0.941 

0.938 

0.924 

0.918 

0.913 

0.896 

0.869 

0.847 



0.830 
0.866 
0.894 
0.910 
0.920 
0.931 
0.942 
0.950 
0.955 
0.962 
0.966 
0.971 
0.970 
0.971 
0.974 
0.975 
0.980 
0.984 



Angle of 
Convergence. 



Coefficient of the 



Discharge. 



Velocity. 



Diameter, 



0.0656 feet 



2° 50' 


0.914 


5^ 26^ 
6° 54' 


0.930 
0.938 


10° 30' 
12*^ 10' 
if 40' 
15^ z' 


0.945 
0.949 
0.956 
0.949 


18^ 10' 


0.939 


23° 4' 
33° 5^' 


0.930 
0.920 



0.906 
0.928 

0.938 

0.953 
0.957 

0.964 
0.967 

0.970 

0.973 
0.979 



The facts established in the first Table, Diameter, 0.05 feet, 
are represented graphically in the two following engravings ; 
the upper referring to the discharges, the lower to the velo- 
cities. In each the horizontal line indicates degrees, extend- 
ing from 0° to 48^ and having 0.3 inch equal to 4**. On this 
line the degrees of convergence of the adjutages are laid oflF 
as abscissas from 0°, the coefficients corresponding being laid 
off on the dotted vertical lines as ordinates ; the scales for 
these, in which i .00 =4 inches nearly, are given at the left- 
hand side commencing at 0.80, which is set to the horizontal 
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line, as none of the coefficients were less. The curve line 
A, B, C, is drawn through the termination of the ordinates 
of discharge, and A', B', C', through those of the velocity. 





40. It follows, both from the Table and the wood engrav- 
ing, 1st, That, for the same orifice, and with the same con- 
stant charge, the actual discharge, commencing with 0.83 of 
the theoretical, increases gradually in proportion as the angle 
of convergence increases up to 13^°, near B, at which the 
cofficient of discharge is 0.95 : beyond this angle it diminishes 
at first slowly, as do all variables, about the maximum. At 
20^ the coefficient is yet as high as 0.92 : subsequently the 
diminution becomes more and more rapid, and terminates 
as low as 0.65, which is the coefficient of discharge through a 
thin plate, — this last being the ultimate position of converging 
adjutages, that, namely, in which the angle of convergence has 
attaint its maximum, or 1 80^. Thus, then, we have for the 
maximum discharge an angle of con vergence of between 13^ 
and 14^. 

2ndly. In looking at the coefficients and ordinates of 
velocity, we see them also increasing from o^, nearly as 
those of the discharge, up to 10°; after that they increase 
more rapidly ; and when beyond the angle of maximum dis- 
charge, while the coefficients of discharge diminish, they con- 
tinue to augment and approach their limit of unity. They are 
very nearly equal to unity at 50°, and even at 40® are not far 
from it. Thus, conical adjutages may, by varying the angle 
of convergence, be made to form a series or progression, whose 
first term is the cylindrical adjutage, and last the orifice in a 
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thm plate; the velocity of projection, increnfling with the angle 
of convergence, will vary from that of the tube additional, up 
to that of the simple orifi ce in a thin plate ; that is to say, from 

0.82 X y/ 2^H up to I X v' 2ffH. 

3rdlv. If we compare the coefficients of discharge with 
those of the velocity, — that is, the successive values of n x n' 
and n't and divide the former by the latter, — we shall have 
the values of n, or the coeflScients of the exterior contraction. 
From the angle 0° up to 10% n is sensibly equal to i, and, con- 
aequently, no such contraction was present in the experiment ; 
and, notwithstanding the convergence of the sides, the fluid 
particles issued, q.p.y parallel to the axis of the cone. Beyond 
10°, however, the contraction becomes apparent; it reduces 
more and more the section of the vein, and terminates by 
bringing it to an equality with that of the orifice in the thin 
plate, as is shown here : — 

Table showing the value ofn^ the Coefficient of Exterior Contraction, 

with different angles of Convergence. 



Angle. 


n»' 


8° 
20° 

< 
180° 


I.OO 

0.98 
0.95 

0.92 
0.89 

0.85 
0.65 



In these experiments the length of the conical adjutage 
was fixed at about 2^ times the exterior diameter (Fig. 12^) ; 
thus it was o. 1 3 1 2 feet for those of 0.0508 feet, and o. 1 640 feet 
for those of 0.0656 feet, in order to avoid, as far as possible, 
complicating the results with the effect of the friction against 
the sides, in this following the analogy of the cylindrical ad- 
jutage, in which experience proves that, with respect to dis- 
charge, they produce their full efiects most certainly when the 
length equals 2^ times the diameter. 

41. As to those very large conical adjutages, or rather trun- 
cated pyramidal tubes, which in manufactories discharge water 
upon mill-wheels, three very valuable experiments, made at a 
mill on the canal of Languedoc, are given by the engineer, 
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Lespinasse. They were, in this case, formed by the sides of 
a rectangular pyramid, whose length was 9.59 feet ; rectangle 
of large end, 24 feet by 3.2 feet ; at the smaller, 0.443 feet by 

0.623 ^®®*' 

The opposite faces made angles of 1 1^ 38' and 15^ 18'; the 
charge was 9.6 feet : — 

Table showing the '' Coefficient^ of Discharge with very large Converg- 
ing MUl'Sluices. 



Discharge. 


Coefficient. 


Cubic Feet. 
6.767 
6.692 
6.714 


0.987 
0.976 
0.979 



We see, then, how very little such adjutages diminish the 
discharge : that which they give is only one or two hun- 
dredths below the theoretic discharge. 

42. Conical adjutages diverging. — This adjutage, of all 
others, gives the largest discharge. It may be described as a 
truncated cone attached to a reservoir by its smaller diameter, 
and of which the exterior mouth is consequently greater than 
that of the entry of the water. Although not much in prac- 
tical use, they present phenomena of such interest as to deserve 
some notice. 

The property they have of increasing the discharge was 
known to the ancient Romans : some of the citizens, to whom 
had been granted the privilege of having a certain quantity of 
water from the public reservoirs, found, by using these adju- 
tages, the means of increasing their supply ; and the fraud be- 
came so extensive that their use was forbidden by law, except 
when the distance from the reservoir was not less than about 
52 feet. Venturi is the experimenter to whom we are chiefly 
indebted for information respecting this particular adjutage. 

43. Those which he made use of carried a mouth-piece, 
ABCD (Fig. 15), not unlike the form of the contracted vein, 
AB being equal to 0.1332 feet, and CD equal to 0.1109 feet. 
The body of the adjutage varied in length and in its diver- 
gence : this last was measured by the angle contained between 
the sides EG and FD, supposed prolonged until they meet. 
These adjutages were attached to a reservoir maintained at a 



22 FLOW OF WATER — UKDER VBRY SMALL CHARGES. 

constant level ; the flow took place under a constant charge of 
2.89 feet ; and the time required to fill a vessel of 4.838 cubic 
feet was observed. 

The following Table gives the result of his principal obser- 
vations, premising that the time corresponding to the theoretic 
velocity was 25.49 seconds: — 

Table showing the variation of the ** Coefficient^ of the Discharge with 
Conical Diverging Adjutages at different angles and lengths 



Adjutage. 


Time 

Of 

Flowing. 


Coefficient 


Angle. 


Length. 


3° 30' 

4° 38 

4-38' 
5° 44' 

S°44' 
10° 16' 

10° 16' 

I+o 14' 


Feet 
0.364 
1.095 
1.508 
1.508 

0.577 
0.193 

0.865 

0.147 

0.147 


Seconds. 

27.5 
21 

21 
19 

31 

28 

28 

43 


0.93 
I.2I 

1. 21 

1-3+ 
1.02 

0.82 

0.91 

0.91 

0.61 



Venturi has drawn the conclusion that the adjutages of 
maximum discharge should have a length of nine times the 
diameter of the smaller base, and an angle of divergence equal 
to 5° 6': it is represented in Fig. 15. This, he adds, would 
give a discharge 2.4 times greater than the orifice in a thin 
plate, and 1.46 times greater than the theoretic discharge. 

44. Floto of water under very small charges. — When the 
charge over the centre of the orifice is very small compared 
with the vertical depth of the orifice itself, then the mean 
velocity of the different threads of the fluid vein — that is to 
say, the velocity which, being multiplied by the area of the 
orifice, gives the actual discharge — is no longer that of the cen- 
tral thread. It differs from it in proportion as the charge is 
less : its true value will be about the hundredth part less when 
the charge is equal to the depth of the orifice, and by about 
the thousandth part when equal to three times that depth. 
Let us examine what theory teaches under this head, and first, 
of the law which it assigns for the velocity of the fluid threads 
in proportion as their depth below the surface of the water in 
the reservoir at which they issue increases. 
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45 . Velocity ofanyjhdd thread whatever. — Let A (Fig. 1 6) 
be the level of the surface of water in a vessel, and upon the 
face AB — which, for greater simplicity, we suppose vertical — 
let us imagine a series of very small orifices placed one below 
the other, and of which that at B is the lowest, and putting H 
for the height AB, the velocity of the jet issuing from B will 

be expressed by V 2^H ; if we make the line BC ^ual to this 
quantity, it will represent this velocity ; for any othet point 
P, taken below the surface of the water at a depth equal to 
AP or ^, the velocity of the issue will be represented by the 
line PM = V 2^^, and calling this y, we shall have — 



y «= y/2gx. 

If through all the points M so found we draw a curve-line, 
they will be the ordinates, and the heights AP or x will be 
the abscissae ; and because y* « 2gx^ this curve will be a para-^ 
bola, having 2g or 64.4 fleet for its parameter, and thus we 
have this proposition : — The velocity of a fluid thread issuing 
from a reservoir, at any point, is equal to the ordinate of a pa- 
rabola whose parameter is equal to twice the measure of the 
force of gravity, and the depth below the surface of the water 
is the abscissa. 

46. Volume dtscharged.-^Jjet us, in the next place, suppose 
that, instead of this series of small orifices in the face AB, we 
had opened a rectangular slit, whose width was /, and inquire 
the discharge in this case, and, for simplicity, let us at first omit 
the ** contraction" and its effects. Suppose this opening divided 
into a number of elementary rectangles by horizontal lines very 
close to each other, the volume of water which will issue from 
each of them in one second, or its discharge, will evidently be 
equal to the volume of a prism, whose base is the elementary 
rectangle, and height the velocity of issue ; i. e. the ordinate 
corresponding. The sum of all the small prisms, or the total 
discharge, will also be equal evidently to another prism, whose 
base is the parabolic segment ABCMA, and its height or 
thickness equal to /, the width of the opening. 

Now, from the well-known property of the parabola, this 
segment is two-thirds of the rectangle ABCK, whose area 

is AB X BC, which has been shown to be equal to* Hx y/ 2gH\ 

* The italic capital H is ased for the depth from the surface to the sill or bottom 
line; the italic h for the depth to the top of any rectangular orifice; and the capital H 

for the mean depth, or . 



34 FLOW OF WATER — UNDER VERT SMALL CHARGES. 

and thus the discharge for the rectangular opening, whose 
height is H and width / : 

47. In the next place, let us seek to determine the discharge 
through a rectangular orifice opened in the same face, but only 
from B to D, and having, as before, the constant width /. 
Call the charge AD on the upper edge of the orifice A, the 
discharge of uie opening from A to D will be — 

- / X A X ^ 2ffh ^-l^igxh^k. 

Now it is evident that the discharge from the rectangular ori- 
fice, whose height is BD, will be the difference of the dis- 
charges by the two openings AB and AD, into /, and will, 
therefore, be expressed by — 

3 
That which has been established in§i3is, as5'=/ {H- A), 

I y/lg . VH . (fl' - h), 

on the supposition, very nearly correct, that the velocity at 
the mean depth was the mean velocity. 

48. Mean velocity, — Let us now return to (§ 44) the deter- 
mination of the mean velocity, and first, that of the entire rect- 
angular opening up to the surface. Let G be the point from 
which would issue the thread with this me an ve locity. If we 

make AG = z, it will be expressed by V'lgz^ and this being 
multiplied into the area of the opening, I -x H^ must give the 
total discharge, which we have dready found to be expressed 
by— 

yl.Hy/~H y/1^, 

we shall therefore have — 



, — 2 



Ix Hy/2g X y/z^-^lx Hxy/2gx y/ H^ 
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dividing each side by the common factors I x H x V2g^ we 
have, squaring both sides, 



9 ' 



and, consequentlj, 



Thus it appears that the mean velocity is equal to two-thirds 
of the velocitv of the lowermost fillet ; and so GH, which re- 
presents the former, is f rds of BC, wliich, in like manner, re- 
presents the latter. 

For the case of the rectangular orifice, whose depth is BD 
or H- h, we shall, in like manner, have the area expressed 
hj (H - h) X ly and the discharge, making / the height due 
to the mean velocity, by — 

Dividing both sides hj Iy vig, we have — 

(i? - A) X -/? = \ {H^TE - h^h), 

and dividing hj H ~ h, and squaring — 

A — ztta — )' 

and hence, the mean velocity, 

^-^^9^-,- sn 

In order to have a clear idea of the actual difference in the 
volume of water, as computed by the two formulae, that, 
namely, which multiplies the velocity at the mean depth into 
the area of the orifice, which is the one almost always em- 
ployed, and the true formula given in § 47, the following 
Table was calculated, in which the area of the sluice, as 
opened, is supposed to be 2 fl. deep by 4 ft. wide, and placed 
in ten different positions as to depth from the surface. In the 
first, the upper line of the orifice is on the level of the water 
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surface, and therefore /it ^ o ; in the second, 2 ft. below it, and 

so on successively 2 feet deeper, until A= 18, and H^7.oi 

he several values of H will therefore be i, 3, 5, &c., up 

to I (3 . 

The wood engraving illustrates this arrangement up to 
the seventh position, and also shows graphically the reason 




of the diiference of calculating by the two formulae. The 
level of the water surface is supposed to be on the line MA, 
and the vertical line ARST, the edge of the wall or plate 
seen in the transverse section, in which the orifice or sluice- 
way is supposed to be opened ; RT = 2 ft. is the sixth position 
in which the opening is placed, and, therefore, A = 10, j5^= 12, 
and H = 1 1. The curve line is the parabola drawn thr ough 
all the points r, ^, ^, found by plotting the lines Rr = v 2^A, 

S« = a/2^H, &c., and which, therefore (as in Fig. 16), repre- 
sent the space that would be traversed, in the horizontal, in 
one second by a particle of water issuing at that depth. 

Hence, the area of the parabolic zone, Rr^^T multiplied 
into Z, the width of the sluice (which is shown in elevation at 
the right-hand side), will give the true volume of water dis- 
charged in one second at that depth. 

The simple formula, § 13, gives the volume as the rect- 
angle RLNT multiplied into the same /, LN being drawn 
vertically through «, for S« represents the velocity at the 
mean depth H = £? + A -5- 2. 
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If through the point 8 we' draw a tangent, or any right line, 
terminated by the parallels E.L and TK, produced if necessary, 
then the trapezium so formed would be equal to the rectangle 
KLNT, and the more nearly the curve rst approaches a right 
line, the more nearly identical are the results of calculating the 
discharge by the two formulae. Now, as the curve rst is always 
concave towards the vertical AT, the true formula gives a 
less result than that in § 13. It may be observed also, that 
as we descend, the portion of the curve between the equidis- 
tant parallels is more nearly rectilinear, as at B, C, and s suc- 
cessively, and therefore the results also gradually approach 
equality, and S« is more nearly the arithmetic mean between 
Rr and T^ 

Table showing the Error of calculating the Discharge hy the 

Formula, § 13. 





I 




2 


3 


4 


5 


6 




' 




VlJ.VH.C-H-A) 


V;^.f(J?VH 


Diffe- 
rence of 


C0L4 

X0.62 


Col. 488 

per cent. 


A 


H 


H 




-AVA) 


2 and 3. 


X4- 


of Col. 2, 





I 


2 


16.000 


15.085 


0.915 


2.270 


5-7 


2 


3 


4 


27.712 


27.581 


O.131 


0.325 


0.475 


4 


5 


6 


S5'717 


35-717 


0.060 


0.149 


0.17 


6 


7 


8 


A^'SS^ 


42.295 


0.037 


0.092 


0.087 


8 


9 


10 


48.000 


47.975 


0.025 ^ 


0.062 


0.052 


10 


II 


12 


53.066 


53047 


0.019 


0.047 


0.036 


12 


13 


14 


57.689 


57-674 


0.015 


0.037 


0.026 


H 


15 


16 


61.968 


61.956 


0.012 


0.030 


0.019 


16 


17 


18 


65.970 


65.960 


o.oio 


0.025 


0.015 


18 


19 


20 


69.742 


69734 


0.008 


0.020 


0.0116 



The first column gives the successive depths below the 
surface ; the second, the corresponding area of the rectangle 
Ss X RT ; the third, that of the parabolic zone between the 
same ^rallels ; the fourth, the difference between th^se two 
areas; and the fifth, the difference of the volumes^ given by 
the two formula, in one second through the opening 2 ft. by 
4 ft., the coefficient of contraction being supposed 0.62 ; in 
the sixth the per-centage of error by using the simple formula 
is shown. 

Example. — A reservoir has on one side a rectangular ori- 
fice, 2 ft. wide and i .4 ft. deep ; the surface of the water being 
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maintdned at a constant height above the sill of 2 ft. « IT; re- 
quired the height 2^ due to mean velocity of the flow. As 
H- 2 ft., we have A = 2 - 1.4 = 0.6 ft., and 

/\ ^ 4/2^/2- 0.6 \/oj6V ^^ js 

(a) . . . y-5j^ j^^-^ j= 1.2664ft; 

and as {11+ A) -4- 2 = 1.3 ft., the difference 0.0336 feet shows 
the error of the simpler formula when H^2 feet ; had it been 
6 feet, all else being the same, then from (a) z = 5.29 feet, and 
as £[+ A -^ 2 e 5.3 feet, the error is now oidy 0.01 feet. The 
mean velocities are in the first case \/2ff x 1.2664 = 9.0308 ft* 
and ^/2gx 1.3 =9.15 feet; in the latter they are 18.4556 feet 

and 18.475 ^^®*' 

49. 77ie charge must be measured from the level of still 
water. — It may be proper here to observe, that during the 
flow of water through an orifice the surface of the water in the 
reservoir takes a curved form for a certain distance, and 
bends towards the side in which the orifice is opened ; so that 
the vertical height of the surface above any point in the 
orifice, estimated beyond the place at which this curvature 
commences, is greater than that immediately over the orifice. 
The former of these heights or charges is that which must be 
introduced into the formula for the discharge, as will be men- 
tioned in § 55. By overlooking this, as has been fi-equently 
done, an error is introduced into the calculation of the dis- 
charge, which is thus deficient ; and in some cases, though 
very rarely, it may amount to a tenth part. The error dimi- 
nishes as the charge increases, and, according to Poncelet, 
becomes insensible when the charges exceed 0.5 feet to 0.66 
feet. This, however, refers to the small experimental orifices 
used by him. D'Aubuisson states that he measured the de- 
pression of the surface at the lock-gates of the canal of Lan- 
guedoc, and found it, when both sluices were open, from 
o. 1 3 1 2 feet to o. 1 640 feet. 

50. Coefficient for the reduction of theoretic to actual dis' 
charges. — The discharges which have been spoken of (§§ 46, 
47) are the theoretic discharges. In order to reduce them to 
the actual discharges, it is necessary to multiply them by co- 
efficients deduced from experiment. MM. Poncelet and Les- 
bros have determined them as in the Table following : — 



I 



FLOW OF WATER— UNDER VERY SMALL CHARGES. 



39 



Table giving the ** Coefficients^^ for the Reduction of the Discharge 
through Orifices calcukUed by the trueformulay to the actual Dis- 
charge. 







HEiaHT OF THE ORIFZOES. 




Charge on 














the 














Centre. 


Feet 


Feet. 


Feet. 


Feet 


Feet. 


Feet 




0.656 


0.328 


0.164 


0.098 


0.065 


0.032 


Feet 














0.032 










. 


0.712 


0.065 








0.644 


0.667 


0.700 


0.098 








0.644 


0.663 


0.693 


O.131 






0.624 


0.643 


0.661 




0.164 






0.625 


0.643 


0.660 




0.196 




0.61 1 


0.627 


0.642 






0.262 




0.612 


0.628 


0.640 






0.328 




0.613 


0.630 


0.638 






0-393 


0.592 


0.614 


0.631 








0.492 


0.597 


0.615 


0.631 








0.656 


0.599 


0.616 


0.631 








0.984 


0.601 


0.617 










1.640 


0.603 


0.617 










3.281 


0.605 













51. The numbers given above are the true coefBcients of 
contraction of the fluid vein, or coefBcients of reduction of the 
theoretic to the actual discharge ; for theory gives no other 
general formula for the flow of water through orifices than — 

-U{H s/H - h /a) X v^^. 

That which has been established in § 13, namely, S x \/2^H, 
in which H = ^(-H"+ h) is only applicable in some particular 
cases, but which, no doubt, are of very frequent occurrence ; 
in which H is three or four times greater than H-h (Fig. 17), 
In all others it is to a certain extent erroneous ; and the coef- 
ficients adapted to that formula, and which it has served to 
determine, are so also: those, namely, in the Table § 21, 
which are above the transverse line in each column. The co- 
efiScients that are below these lines, though determined by the 

aid of the formula, Sy/^gH^ are coincident with those derived 
from the general formula, and are correct. Moreover, in the 
equation Q=m Sy/ 2^H, the error of the coefiScient mis compen- 
sated by that of the formula, and the discharges assigned by it 
are sensibly identical with those of the true general expres- 
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sion ; and as It has the advantage m simplicity, it is geiierally 
employed in every case. 

52. Example — Required the discharge through a rectan- 
gular orifice o"*.3o wide and o".i5 high, and having a charge 
of only o".o5 upon the upper edge : we have H = o".o5 + o"*. 1 5 
= o".2o and / = o"*.3o. The charge upon the centre is therefore 
o™,i25, and the corresponding coefficient, according to the 
above Table, is nearly 0.603, — the mean between 0.592 and 
0.614. Thus the discharge will be — 



2 — .^_ 

-X 0.603 X 0.30 X 4.43 (0.20 \/o.20- 0.05 V 0-05) = 0™°'*#o4i8. 



The usual formula Q = mS^ 2^H, with m = 0.592, derived 
from the Table § 21, gives— 



0.592 X 0.30 X 0.15 X 4.43^/0,125 = o™™™.o4i7. 

53. Flow of water over waste^boards, weirs j SfC. — If a rect- 
angular opening with horizontal base be forn^d at the upper 
part of one of the sides of a basin, the water--*- supposed to be 
maintained at a constant level — will flow out in the form of a 
sheet over this base or sill : such are the waste-boards of ca- 
nals and reservoirs, and also weirs in rivers, which extend 
across their course, so that the water must, when it meets 
with them, rise, and flow over the crest or summit. 

The surface of the water (Fig, 18), before it arrives at a 
waste-board, and from a point C, a short distance above it, is 
inclined in a curved line, CD^ so that its height, immediately 
above the sill, is not equal to AB, but only BD. 

54 . If we followed the usual theory, we should at once 
grant that the particles which followed the curve CD had the 
same velocity when arrived at D as if they had fallen freely 
from the height AD, and that all the particles in the vertical 
line under it would in like manner flow out with velocities 
due to their heights, below the point A : we should thus find, 
that in respect to the issuing velocity of the fluid threads, and 
also in respect to their number, — which depends on the height 
BD, — ^and consequently in respect, also, of the discharge, that 
the case would be identical with that of a rectangular orifice 
closed on the upper side as far as D, and in which the water 
level extended without any curvature up to A ; and, therefore, 
if we should put Q for the volume of water discharged in one 
second, / for the width of the opening, and H and h for the 
charges, — the one on the lower, the other on the upper edge, 
— and lastly, m for the coefficient of the reduction of the theo- 



FLOW OF WATER — OVER WASTE-BOARDS, WEIRS, ETC. 4 I 

retic to the actual discharge, we should have the expression, 
as in § 47,— 



2 



Q^-V2ff .m . 1{H y/H-hy/h). 

55. However natural it appears to proceed thus, facts show 
that the discharges are more exactly given by the supposition 
that the flow takes place as if from the whole height AB, the 
level of the water being supposed continued without curvature 
up to A. The case then would be identical with that of § 46 : 
for when A = o we should have — 



2 



Q,--y/igxmxly^ HyJ H= 5.35 mlH ^ H, 

The flow of water, then, over weirs or waste-boards is only 
a particular case of the flow by orifices in general ; that, namely, 
in which the charge over the upper edge is equal to zero. 
MM. Bidone and Poncelet had already shown that this was 
so, and that the coefficients m^ which suit ordinary orifices, 
are adapted to weirs also, when the flow is made under analo- 
gous circumstances. 

We cannot, then, expect this coefficient to be constant ; it 
varies, in fact, through a considerable range, from about 0.5 
to 0.8, in circumstances, some of which will be recognised as 
nearly identical with those which influence the discharge through 
orifices. In determining, then, this coefficient, it is necessary, 
in the first place, to be satisfied that the velocity of approach 
of the water in the channel supplying the overfall be not so 
great as to produce any appreciable increase in the discharge, 
and thus vitiate the result : whether the object be experimen- 
tally to determine the coefficient in the formula, or the gaug- 
ing of a water-course : for either end it will appear, §§ 56 
and 66^ that the transverse area of the sheet of water passing 
through the overfall should not exceed the fifth part of that of 
the channel. 

And not only the area^ but the/orm of the rectangle of the 
overfall, relatively to that of the transverse area of the chan- 
nel, should observe certain limits, if we would expect to arrive 
at a true value for the coefficient. Thus, let us suppose a 
rectangular opening cut in a thin plank or metal plate, tlie 
vertical centre lines of the channel and overfall coinciding, as 
in the end view. Figs. 1 9 and 2 1 . The fluid threads, in all 
that part of the channel not immediately opposite to the open- 
ing, converge towards its edges : the longitudinal section, 

G 
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Yig* 1 8 (tmnsvene to the oyerfall) represents the oontraction, so 
fyt as the sill is concerned, the water below the line ElB bend* 
I0g upwards as it approaches the bottom line or sill B : the 
wood-engrayingy § 62, which represents the plan of an OTer&U, 
ahows the contraction that takes place at the sides, L being 
the width of the channel of supply, and I that of the over&ll ; 
and this convergence, continuing after the fluid has passed the 
edg6, produces, as in orifices, a contraction of the section of the 
gheet of water which diminishes the discharge. 

Now if the form of the opening be altered, the area still 
eontinuing of the required proportion to that of the channel, i. e. 
1th, so that in the two extreme cases, when, on the one hand, 
Jj^lf and therefore the depth of the sheet of water not more 
than }th of that of the channel, we would have the end con- 
fraction suppressed; and, on the other hand, if iJie depth 
of the overfall were equal to that of the channel, the length 
/ being reduced accordingly, we wonld have ^t^ebotiom contrac- 
tion suppressed, as with orifices in Fig. 9, § 2$. Moreover, 
in the intermediate rectangular forms of the ov^'fidl, in which 
both contractions come into operation, we may trace a diffe- 
rence of coefficients at different depths. 

A floor or channel is sometimes attached either above or 
below the line of the sill, and vertically on either or both 
sides, above or below, alterations in the value of the coefii- 
cients resulting in each case. It must be evident also, that if, 
instead of a thin plank or metal pbite, the sill and sides were 
of considerable thickness, and not bevilled off, the sheet of 
water, especially if the depth be inconsiderable, and the velo- 
city consequently small, would adhere to the surface, and the 
coefficient become modified, somewhat like that of the case 
in 5 67 when a floor is added below. 

The effect of the contraction on the bottom line is evidently 
tie same on each unit of the length ; but the end contraction 
is constant with the same head, however the length may be 
increased or diminished ; and therefore we cannot anticipate 
that m, § 59, p. 45, which includes the effect of both the end 
and bottom contractions, should be rigidly constant when I 
varies : an attempt to express the effect of each in the formula 
is given in § 62. 

5^* Sfects of the vehcity of approach.— When establish- 
ing the formulae given above, it was assumed that the 
water was free from any current above that point at which 
iuen«5^ ^^Sms to be curved towards the sill; but fre- 
quently the water arrives at this point with an mitial velo- 
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city ; iQ this case we proceed as in § 30, for the case of orifices 
properly so called : that is, we add to the head due to the 
velocity in the case when the water is in repose (and which 

is now only ^ -ET, vide § 48), the head which would generate 

the velocity with which it arrives. Let u represent this velo- 
city, and h the charge due to it; then — 

w' I 
(since A = — = z — x u% 

^ 2ff ^4-4 ^' 

we have h = 0.01553 t**, (as ^ « 0.01553), 

representing the additional head in feet ; and we shall have, 
for the actual velocity of the issuing water, — 

V^ff (^ ^ + A) - y2ff (^H+ 0.01553 u% 

which may be reduced to — 

5.35 /-ff + 0.035 tt»; 

and consequently, — 

Q=5.35x»ixZxfl'x v//f + 0.035 u\ 

The quantity u represents the mean velocity of the sec- 
tion of the water approaching the edge. The exact determi- 
nation of it is, perhaps, impossible; but as its value will be 
very little different from that of the surface (which can be 
readily determined by methods to be subsequently pointed 
out), we may, therefore, grant the truth of the equation, and 
modify the value of the coefficient that is to be determined ex- 
perimentally. If, then, we put m for this new coefficient, and 
tc tor the velocity of the surface of the water, we shall have — 



Q= 5.35 m' X I X H \^ H + 0.025 "^'* 

57. We shall now put the formula § 55 to the test of expe- 
riment. The expression for the discharge contains two quanti- 
ties, which vary in the experiment, — the width of the overfall ; 
and a function of the velocity, that is, of the charge. Now, in 
order that the formula be well founded, it is necessary that 
the discharge be exactly proportional to each of these ; then, 
and then only, will the coefficients be constant. The degree 
in which they are so in the experiments will thus be a test of 
their being well founded in truth. The numerous experi- 
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ments of M. Castel, engineer to the water- works of Toulouse, 
are quoted by D' Aubuisson, and a description of his apparatus 
is also given. 

At one extremity of a wooden canal or trough, Figs. 19 
and 21, 19.68 fb. lon^, and 2.427 ft. wide, and 1.804 ft* deep, 
he received the supply of water, and at the other he had the 
power of placing different thin plates of copper, in which the 
overfalls were cut out; their width was increased gradually 
from 0.0328 feet up to 2.427 feet; the sill being maintained 
always 0.557 feet above the bottom of the canal. The water 
discharged was received at pleasure, and for any required 
length of time, in a cistern lined with zinc, the capacity of 
which was 113 cubic feet : this was the gauge basin ; it was 
marked with the greatest care by a vertical scale. The time 
that the water might take to reach any height was taken by a 
chronometer marking quarter seconds. 

58. The charges or heights of the water above the sill of 
the overfall were successively increased from 0.0984 feet up to 
0.328 feet, and even to 0.787 feet for the narrower overfalls. 
The most important, and at the same time the most difficult, 
point in the experiments, was to measure the charges exactly. 
In order to accomplish this, M. Castel placed over the centre 
of the canal, and parallel to its length (Fig. 20), a bar truly 
horizontal, which carried at every 0^.05 = 0.164 feet, ten ver- 
tical brass rods, divided into millimetres, pointed, and having 
a power of sliding up or down : on the edge of the guides was 
a vernier, which subdivided the rods into tenths of a milli- 
metre. 

When an experiment was made, the requisite quantity of 
water was admitted into the canal ; and the regime or regula- 
tion for due supply of this being carefully attended to, he let 
down the rods, and put the points as accurately as possible in 
contact with the surface of the current. Subtracting then their 
several readings from the vertical distance between the hori- 
zontal bar and the sill, he obtained the ordinates of the curve 
described by the particles of the fluid as they advanced to the 
centre of the overfall. The ordinates increased in proportion 
to their distance from it ; and thus the greatest ordinate, or 
the true charge, H^ was obtained ; the smallest — that, namely, 
which was immediately above the sill — ^was H-h^ or the 
thickness of the sheet of water at the moment of its passage 
over the edge of the waste-board. 

59. After having to some extent exhausted all the obser- 
vations which could be made with the canal of 0^.74 = 2.427 
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feet in width, M . Costel entered upon those in which he used 
a width of only o^-sSi - 1.180 feet (Fig. 21), narrowing up 
the fonner hy two partitions in plank, but whose length was 
only 7.347 feet, the total length of trough or channel being 
10.68 feet. At the entrance A of this small canal, which was 

{ifaced in the centre of the larger, there waa formed, with the 
arge discharges, a minute falT, which would have introduced 
some slight modifications into the results obtiuned, if the par- 
titions had been extended up to the extremity of the larger 
canal. 

Upon both the one and the other M. Castel made a long 
series of experiments. Each observation was repeated once or 
twice: altogether he made 494. In every case, the values of 
Q, oil, and H, were determined directly by measurement at 
each experiment; and from them it was easy to deduce the 
value of the coefficient m from the formula — 



Q-5.35ni//rv^ifform = 



Q 



S-35 



ThTHTVH' 



60. The mean values obtained from each charge and each 
width of overiall are arranged in the two following Tables. 
No observations have been made in those cases in which there 
are blanks. 

Table thotoing the " Coefficients" for Overfaili, in Castas Experi- 
menU, as depending on the Charge and on the LengtK 
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Canal — 1.180 feet wide. 


Charge 
upon the 


CoBFFiciENTs, the length of Overfall being 


nilL 


¥wt 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 
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61. Let us next examine the same simple and common 

formula^ Q=5.35 /x^\/£f; as to the proportionality of the 

discharges Q, to the function of the charge, HV H. For this 
purpose let us take the twenty-two series of discharges ob- 
tained, each with the same width, but with different charges ; 
and reducing the discharges of each series to that which they 
would have been if one of them — that, for instance, obtained 
under a charge of 0.262 feet — had been taken as unity. 

Table showing that the Discharges are proportional to R vH^R^'^ 



Charges 
H. 


Series of Discharges. 


Series of 


1. 


2. 


3. 


H^/ H 
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Feet. 
0,656 
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0.524 
0.459 

0-393 
0.328 
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0.164 
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0.486 

0.345 
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In like manner reducing the series of values of H^'Et^ 
and placing"side by side these several series : we have the above 
Table. Imder the head of " Discharges" are three columns; 
the two first having been given by the canal, 2.427 feet in 
width, with overfalls 1.968 feet, and 0.328 feet in length; the 
third being from the canal of half the above width, 1.180 feet, 
with an overfall 0.164 feet long. 

It results from a comparison of the twenty-two series of 
discharges with one another, and with the series derived fix>m 
the function H^/H — that the numbers in the same horizon- 
tal line are very nearly identical ; and this, notwithstanding 
so great a difference in the charges, and in the length of over- 
fall, both in the canal 2.427 ft. wide, and that of one-half this 
width : thus the proportionality of the discharges to the func- 
tion H^ H may be considered as established. In the highest 
charge, and especially in column 3 of Discharges, the velocity 
of approach seems to have increased the relative discharge : as 
is always observed when the area of the overfall is more than 
l^th that of the channel : imder column 2, with the smallest 
charge, the relative number is considerably in excess : irregu- 
larities of this kind caution us to avoid these small heads in 
practical gaugings. 

Experiments to determine the index of H (which in the 
expression § 55 is taken at 1.5) are ^ven by J. B. Francis 
(**LiOwell Experiments," pp. 88, 95 : Boston, U. S., 1 855). The 
scale of these experiments was extremely large, and both the 
mechanism and method of observing evince the greatest care 
and accuracy. A large constant volume of water, not neces- 
sarily known in quantity, was discharged through a series of 
oveifalls of different lengths, the extremes being (very nearly) 
17 and 3.5 feet, the respective depths in one series being 0.3576 
and 1.0447 feet. The average value of the index, resulting 
from seventy-one experiments, is 1.47. Although the volume 
of water discharged was not a necessary datum in calculating 
this index, it may be interesting to state, as showing the large 
scale at which this author operated, that the discharge due to 
the lengths and depths above mentioned is upwards of 12.5 
cb. feet per second. Castel's largest experiments § 60, with 
a length of 2.23 ft. and depth of 0.32, gives about 1.4 cb.feet 
per second. 

62. Ratio of the discharges to the width of overfalls* — The 
coincidence of the formula with the experiments is not so close 
when it is the length of the overfall which we vary. The dis- 
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charges, considered with reference to the variable /, do not 
follow the exact ratio of the widths, however natural it would 
appear to suppose beforehand that it would be so. Starting 
from an overfall the full width of the channel, they diminish 
with its decreasing width, but considerably faster than it up to 
a certain point, beyond which, on the other hand, they dimi- 
nish less rapidly than the width. The columns of the Table 
appended serve to fix the ideas upon this point. 

Table showing the Ratio of the Discharges to the width of Overfall, 



Canal. 


2.427 Feet. 


1. 180 Feet. 


Width. 


Discharge. 


Width. 


Discharge. 


IGGO 
919 
811 
676 

540 
40S 
270 

135 
68 

40 

27 
13 


I GOO 
911 
788 
645 

507 

371 

243 
121 

62 

40 

27 

H 


IGGG 

83' 

55+ 

277 
138 


1000 

807 

507 

246 
125 



For the canal of 2.427 feet in width, we have twelve 
widths, which are to one another in the ratio of the numbers 
in the first column : in the second we have the order in which 
the corresponding discharges decrease, and which were ob- 
tained under charges varying jfrom 0.196 feet to 0.328 feet. 
In the case of the canal t.iBo feet wide, in which ten widths 
Avere experimented upon, those only are stated which were 
nearly the counterparts of the numbers in the other. The 
series of these ratios point out the fact, that in the two canals 
the discharges follow the same law in reference to the widths 
of the overfalls ; but it is to the relative widths in their re- 
spective channels, and not to the absolute widths. 

The wood- cut is intended to illustrate the effect of the end 
contraction that takes place at overfalls and weirs ; L is the 
width of the channel of supply, the water in which is flowing in 
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the direction of the arrow, and / the hngtb of the overfall, at 
the place where the channel ha» been contracted by the pro- 
jecting edgea o, n, y, and 2, m, s. The fluid threads are sup- 
posed to flow in lines parallel to the sides, but as they approach 
the narrower of^ning of the overfall, the length of which 
is I, those that move nearest the sides bend out of their 
course, converging towards its vertical edges throughout the 
whole depth ; and tJiis convei^ence, as in the vena contracta 
(§§ 15, 16), continues after the water has passed the points y 
and «, effectively shortening the length of the sheet of water 
passing over, which from / becomes /', and thus diminishes the 
dischai^e. The convergence of the several lines is, however, 
less and less as their distance from the sides of the channel 
increases, so that at a short distance the direction of the fluid 
is quite unaltered ; we may suppose the dotted lines AB and 
A'B' to include between tliem the portion of the channel and 
of the sheet of water unaffected by the convergence. 




It has almost always been assumed in fbrmulEe for the dis- 
cbarge of water over weirs, that the quantity is directly pro- 
portional to the length, the depth being the same. As this 
end contraction is a coiutant quantity, when the length is con- 
siderable in proportion to the depth, this supposition is not 
well founded ; a double length 2I giving more than a double 
dbcharge, and a length of ^l giving less than half the dis- 
charge, because the same constant quantity is to be deducted 
from each to give tlie effective length when the head is inva- 
riable, and in like manner of other multiples of /. It is evi- 
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dent that the amount of this diminution of length from end 
contraction must increase with the depth ; the exact law of its 
variation is not known, but experiments have pointed out 
that it is very nearly in direct proportion to the depth, which 
is of great importance in simplicity, when we attempt to in- 
troduce it into a formula for practical application. Thus, 
though neither this assumption, nor that of the index of H 
being constant, are perfectly correct — ^we find that they each 
lead to a result agreeing very closely with experiment. 

The formula proposed by J. B. Francis (Lowell Experi- 
ments, p. 86), is 

Q^C{l-bnh)h% 

The quantity C, which this author calls the coefficient, 
stands for f a/2^ x m in the formula § 55. (Other authors 
make the coefficient represent §771; as Morin, 2nd edit., in 
giving the Tables of Lesbros experiments. No error, but a 
great want of uniformity only, is caused in so doing ; it re- 
quires care in comparing, and labour in reducing the tables of 
different authors.) 

By the letter n is represented the number of end contrac- 
tions, for we frequently find at weirs across streams (though 
not in experimental overfalls) that vertical posts, as at K in 
the wood-cut, are placed along the crest, at nearly equal inter- 
vals, having vertical grooves, into which planks are dropped 
horizontally ; these, being staunched against the crest of the 
masonry, raise the surface of the water, which in seasons of 
drought is necessary for many purposes ; at each post the con- 
vergence and consequent contmction are identical with that 
at the two ends ; at the least, then, n is equal to 2, that is, 
when the length is uninterrupted, and for every post it in- 
creases by 2 : the constant multiplier or fraction of A is repre- 

l-t 

sented by 6, and is such that bh = . 

2 

The coefficient b and index a are in one point distinct 
from m, inasmuch as they can be determined by experiments 
in which the actual discharge is not known in any particular 
case. 

It is evident that this formula cannot be of general appli- 
cation, for if in the factor l-bnh, which represents the eflfeo- 
tive length, we should have / = bnh ; then this effective length 
becomes o, and the formula would give o for the discharge, 
which is absurd ; similarly, if bnh < /, the discharge would be 
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negative. In weirs of very short length in proportion to the 
depth, the effect of the end contraction cannot be considered 
independent of the length. It is found by experiment that, 
when the length equals or exceeds three times the depth, the 
formula applies; but in lengths less than this in proportion 
to the depth, it cannot be used with safety ; the error increas- 
ing as the relative length of the weir diminishes. The end 
convergence influences the discharge to a certain distance 
from the end of the weir, as, suppose, from y to the line AB ; 
or from s to A'B', if the whole length of the weir is greater 
than twice this distance, the effect of the end contraction is 
independent of the length ; but if the length is less than twice 
this distance, the whole breadth of the stream is affected in its 
flow by the end contractions, and consequently the proposed 
formula would not apply. In practical construction it is nearly 
always possible so to proportion the weir, that the length 
may not be less than three times the depth upon it. In cases 
where the length of the weir is equal to the width of the 
channel, that is, / = X, there is no end contraction, so that we 
have i = /=/', and the proportion of the length to the depth 
is not material. 

The formula proposed by Francis, given above, deducts 
from the length / of the overfall a quantity presumed to repre- 
sent the end contractions, and gives the value of V the effec- 
tive length. It is, giving h and a their numerical values, 

Q=C(/- o.o5nA)A»-*\ 

At the end of his second set of experiments Francis 
gives 

Q=C(/-o.i«A)Ai 

The use of the fractional index 1.47, not being so convenient, 
it has been increased 2 per cent., and the quantity deducted 
from / doubled, giving results agreeing most nearly with all 
his experiments. If n = 2, that is, if no vertical posts, as R, 
are fixed on the crest, then the quantities to be deducted from 
/ are o.i/« in the former, and o.2A in the latter formula. 

63. As to the coefficients. — Since the discharges are for the 

same widths sensibly proportional to H ^///, when we omit 
extreme cases, — the coefficients ought to be very nearly con- 
stant, and we find they are so in the Table § 60. In strict- 
ness, when we take the coefficients of some one vertical co- 
lumn of the Table, we see them — commencing with the higher 
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chargee— decrease by very small degrees, in moat of the expe- 
riments, down to a certain charge, beyond which they increase 
rapidly ; thus we shall have at this particular charge, which 
is generally about 0*328 feet, a minimum. And since, the 
charges remaining constant, the discharges decrease at first 
more rapidly than the widths of the overfalls, and afterwards 
less so, it follows that under the same constant charge — the 
widths, commencing at a first width equal to that of the chan- 
nel itself, being diminished — the coefiicients decrease down to 
a certain point, beyond which they augment. Thus, here also 
there is a minimum ; and it occurs when the width of the 
overfall is about the fourth part of that of the supplying chan- 
nel ; and so in both the horizontal and vertical lines of the 
Tables of coefficients there is a minimum ; we have, therefore, 
a common minimum. In its immediate neighbourhood, and 
for a certain distance, the variations are small ; the coefiScients 
in that part differ very little from one another, and may be 
regarded as constant. But in the other parts of the Table the 
differences rise to be considerable ; they exceed an eighth, or 
1 2 per cent. ; so that the discharge by overfalls cannot be 
given exactly with a constant numerical coefficient, m, in an 

expression of the form Hy/H, In practice, then, we would 
require the aid of very extended tables of coefficients, the 
preparation of which would demand many hundred experi- 
ments. However, the study of the direction in which the co- 
efficients tend gives us the means of abridging this vast labour, 
and of determining a few simple rules suitable to the difierent 
cases which commonly present themselves. 

64. Coefficients andformulcB to be employed, — We have seen 

(§61) that the expression /jff\//f should not be employed — 
on the one hand, when the charges were below 0.196 ft.; and 
on the other, when the transverse area — that is, the depth 
multiplied by the width of the overfall — exceeds the fifth part 
of the area of the section of the water in the supplying chan- 
nel, the initial velocity becoming then considerable. Between 
these limits, the expression above given can be employed with 
a coefficient, — variable, it is true, but only varying with the 
width of the overfall. 

Reckoning from a width equal to that of the canal itself, 
the coefficients diminish with the width of the overfall until 
it has reached the fourth part of that of the channel, and then 
they increase, although the widths are still decreasing ; and 
what is very remarkable is, that the diminution of the coeffi- 
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cients follows the relative widths of the overfall to the canal, 
whilst the augmentation, which occurs afterwards, depends 
only on the absolute width. We have, consequently, four 
cases to distinguish relative to the coefficient to be used : — 

First. In the neighbourhood of that comnaon minimum we 
have mentioned, the variations of the coefficients are very tri- 
fling. According to the experiments made by Cast el, from a 
width of overfall nearly equal to the third of that of the canal, 
which is supposed to exceed 0.984 feet, down to an absolute 
width of 0.164 feet, the coefficients do not vary more than 
from 0.59 to 0.6 1 . Taking the mean, and remarking that — 

5-35 V= ^^^ ^ 5) ^ o-<^o = 3-2i» 
we shall have between the limits indicated above — 

Q^ 3.21 IH^H. 

This formula furnishes the best mode of gauging small streams 
of water, as in the Examples appended. 

Secondly. When the width of the overfall is at its maxi- 
mum — that is, equal to that of the canal, extending from bank 
to bank, and is then precisely similar to a weir, properly so 
called, — the coefficients present a remarkable steadiness under 
the different heads. M. Castel, in his experiments upon the 
canal of 2.427 feet, with an overfall or barrier of a height 
equal to 0.557 feet, had no difference in the coefficients ob- 
tained with charges which themselves varied from 0.098 feet 
to 2.262 feet, § 60. With an overfall of 0.738 feet high, the 
coefficients have only ranged from 0.664 ^^ 0.666 for charges 
of o.ioi feet up to 0.242 feet : at the mean he had 0.665. 
And since — 

5.35x0.665 = 3.55775, 

we have, putting L for the width of the canal or length of the 
barrier— _ 

Q= 3.558 L^ry/f. 

This formula will be used with advantage in certain cases, 
even in large water-courses, and with charges of 0.13 1 feet 
and 0.098 feet ; but to insure certainty in its use, it is neces- 
sary that the charge be less than the third of the height of the 
barrier. 

Thirdly. For widths of overfall comprised between that of 
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the channel itself and the fourth part of the same, the coeffi- 
cient of the expression 5.35 IH^ H will vary with the relative 
width, — that is to say, with the ratio of the width of the over- 
fall to that of the canal of supply, and is given by the columns 
of this Table : — 

Table showing the Variation of the *' Coeffidenf* with the relative 
width of the OverfaU in the Formula § 55. 



BeUtire 
Widths. 


Ck)efficieDt for Canal of 


2.427 Feet. 1 1. 1 80 Feet 


1. 00 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 
0.30 
0.25 
.. . 


0.662 
0.656 
0.644 
0.635 
0.626 
0.617 
0.607 
0.598 

0.595 


0.667 
0.659 
0.648 
0.635 
0.623 
0.613 
0.609 
0.600 
0.598 



They have been formed by taking proportionals to the coeffi- 
cients deduced from direct experiments, as given in § 60, a 
method which cannot here lead to any error. The coefficients 
determined by each canal have been given separately, in order 
to show that coefficients sensibly the same correspond to the 
same relative width, although the actual value of the widths 
was in one canal nearly double of that of the other, affi)rding 
a proof that above 0.25, or the fourth of the width of the chan- 
nel, the coefficients depend on the relative, and not on the ab- 
solute width of the overfall; taking relative widths of 0.8, 
0.6, and 0.25, and the mean coefficients, we have 



Q = 5-35x 



[0-5961 ,_ fs-^SSl 

< 0.624 > IHVH-^ ^ 3.338 \ IHy/H. 



Fourthly. It is quite otherwise when this width falls below 
that of the fourth of the supplying canal : then, and when at 
the same time it is absolutely less than 0.262 feet or 0.196 
feet, that of the canal has no further effect, and every parti- 
cular width has its own coefficient. Thus in the canal of 
1. 1 80 feet, as well as in that of 2.427 fl., 
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the. widths, . . 0.164 ft, 0.098 ft., 0.065 ft, 0.033 ft., 
have given, . . 0.61, 0.63, 0.65, 0.67, 

as the respective coefficients in both canals. 

65. Observations on formula of^ 54. — Having thus given 
in detail all that has reference to the simplest of the formulae 
of discharge for overfalls, let us consider the two others, and 
first, that of — 

Q = 5-35 ^l {HVH-- h \/h), 

in which h represents the quantity AD (Fig. 1 8), the surface 
of the fluid having become curved before its arrival at the 
overfall. A slight inspection of the last column of the Table 
given in § 6i^shows, that although the series of values of 
H*y H - A v/a does not differ much from the series of the 
corresponding discharges, yet that it follows them less closely 
than those of H*/ H. Thus in this important point, the se- 
cond formula is not so well established as the first. It is, 
moreover, of much more difficult application, containing an 
additional term, and one whose exact determination is a matter 
of very great difficulty. 

66* Observations on the formula in § 56. — This formula, 
which involves a term that is a function of the velocity with 
which the water flowing in the canal arrives at the overfall, is 
well founded and of practical utility. 

It is evident that in the case of a high velocity, in which 
the flow takes place both from the charge H and from an ini- 
tial velocity^ to, taken at the surface, it is necessary to add to 
the charge a term depending on this velocity, which leads to 
the equation, § 56, 

Q = 5-35 wi7jff\/jC?+ 0.035 to'. 

The experiments of M. Castel give the values of m' the co- 
efficient. In these experiments the velocity to of the surface 
of the water in the canal has not been actually measured, but 
it can be determined from the mean velocity, which is equal 
to the discharge Q, divided by the section of the running wa- 
ter in the channel of supply, which in this case is i x (jff + a), 
representing by L the width of the channel of supply, and 
by a the height of the sill of the overfall above the bottom of 
the channel ; and as 
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It will hereafter be shown that the velocity of water at the 
surface is, on an average, a fourth part higher than the mean 
velocity ; so that we have — 

Q 

M?= 1.25 y^r-r^ r. 

Even with this value of m? — which is the highest we may as- 
sume — the coefficient m differs from the coefficient m in the 
common formula only when the velocity in the channel is great 
enough to occasion the term 0.035 u?* — which is that which 
makes the difference between the two formulae — to have a value 
comparable to that of H, As it will be in most cases very 
small, and as it is under the radical sign, it will only influence 
the value of m' by half its amount relatively to H; for exam- 
ple, if it is the 2, 4, or 6 hundredths of £?, the coefficients, ce- 
teris paribusy will only differ by the i, 2, or 3 hundredths. In 
these three cases the section of the sheet of water at the over- 
fall, or IxHy is found to be respectively equal to 0.1724, 
0.244, 3.nd 0.3, of the section of the canal of supply, or of 
L (11 ■{ a), whence may be deduced the conclusion of which 
we have already made use (§§ 61, 64), that when the former 
of these two sections is less than the }th part of the latter, 
the coefficients m and m! will be the same within a hundredth 
part nearly. Such has been the case with the overfalls used 
by M. Castel, whilst their width has been less than the half 
of that of the channel. When it was greater the term 0.035 ^^ 
has had more effect, and the differences became larger. But 
the use of this term is far from having brought to equality the 
coefficients m and m' for various widths of overfall : it has not 
reduced even by half the differences which occur in the values 
of m ; and neither the expression — 



Q = 5.35 m'lH^/ H-v 0.035 M?S 

nor that of 

Q=5.35mZSyF, 

can be employed with a constant coefficient, except in the case 
of a width of overfall equal to that of the canal of supply. 

In order to obtain the coefficient in this case, M. Castel 
dammed up the canal of 2. 427 feet by means of barriers of 
copper, whose height was decreased successively from 0.738 
feet to 0.104 feet; and he has thus obtained the coefficients in 
this Table :— 
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Table showing the Vanation of the Coefficient in the Formula § 56, 
due to circumstances affecting the Velocity of Approach, 







Coefficients m\ i 


the Chai^gpe being 


Hdgbt of the 
Daqu 










0.26 Feet 


19 Feet 


0.16 Feet 


o.'3 Feet. 


Feet. 










0.738 


0.651 


0.655 


0.657 


0.660 


0-557 


0.640 


0.647 


0.650 


0.654 


0.426 


0.650 


0.649 


0.652 


0.656 


0.305 


0.635 


0.642 


0.646 


0.650 


0.246 


0.647 


0.652 


0.655 


0.660 


0.134 


0.667 


0.664 


0.665 


0.668 


0.104 


0.676 


0.676 


0.676 


0.680 



Those of the five first barriers are nearly the same ; and 
although they do not present the same regularity which we 
had in ordinary overfalls, we may assume 0.650 as the mean. 
As to the last two barriers of 0.134 feet and 0.104 feet, they 
are in a distinct class. They were very low, and the charges 
very much exceeded their height ; so that the case was nearly 
as much one of water flowing in an ordinary channel, as of it 
when passing over a waste-board. It may be remarked, more- 
ever, that the near equality between the coefficients for one 
and the same barrier speaks strongly in confirmation of the 
formula which has determined them. 

The experiments upon the canal of 1. 180 ft., with its bar- 
rier of 0.557 ft., have indicated coefficients whose mean was 
0.654. Taking, then, the mean between this and 0.650, that 
is, 0.652, and observing that 5.35x0.652 = 3.488, we shall 
have finally — 

Q = 3.488 LH\/B + 0.035 w\ 

The velocity w is to be determined by direct observation. 

67. Overfalls^ with channels attached. — We frequently find 
channels are adapted to overfalls : they may be considered as 
the prolongation of their horizontal and vertical edges. The 
water discharged is now confined, and suffers a resistance from 
the friction of the bottom and sides, which retards the motion, 
and this retardation, re-acting on the water which arrives at 
the overfall, diminishes the discharge. The following expe- 
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rimenta by MM. Poncelet and Lesbros exhibit the effects of 
this resistance. The additional channel was always 3*° = 9.84 
feet long, and of the same width as the overfall, o™.2o = 0.656 
feet, and adjusted so as to be horizontal : — 

Table showing the Effect upon the " Coefficients'^ produced hy Chan- 
nels added externally to an Overfall, 



Charge. 


Coefficient. 


Loss per 
cent. 


Without 

added 

Channel. 


With added 
Channel. 


Feet 
0.675 

0475 

0.337 
0.196 

0.147 

0.091 


0.582 
0.590 
0.591 
0.599 
0.609 
0.622 


0.479 
0.471 

0.457 
0.425 

0.407 
0.340 


18 
20 

23 
29 

33 
45 



The amount of diminution in the discharge from overfalls 
with the channel attached has therefore been so much the less, 
as the charge has been higher. From this we may infer, that 
with charges of 3 or 4 feet and greater, such as are often in 
operation at the head of large feeders and water-courses, the 
diminution of discharge due to the resistance of the sides of 
the channel is inconsiderable. With orifices the same experi- 
menters arrived at results analogous to those of overfalls. They 
applied the additional channel, 9.84 feet long by 0.656 feet 
wide, mentioned above, to the exterior of the orifices from which 
had been derived the Table § 2 x, p. 18, where it is mentioned 
that the orifices were all 0.656 feet wide ; and from numerous 
experiments it was deduced that when the charges, measured 
from the centre of the orifice, were from 2 to 2^ times greater 
than the height of the orifice itself, the channel attached had no 
decided infiuence upon the discharge : it was the same in 
amount whether this was or was not present ; but with very 
small charges it diminished the charge even a fourth or 
more. 

Further investigations as to the effect of inclining the chan- 
nel were undertaken. When the slope was i in 100, or 34', 
the coefiicients were found the same as when the channel was 
horizontal, but at i in 10, or 5° 44', they were increased 3 or 
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4 percent. Castel also experimented on overfalls, and on his 
canal of supply, 2.247 ^®®* wide, he placed an overfall 0.656 ft. 
wide, with a channel attached 0.669 ft. ^^^Sy inclined i in 13.3 
or 4° 1 8',— 

Table showing the result of CastePs Experiments on Channels added 

exttmaUy to Overfalls, 



Charge. 


Coefficient. 


Feet. 




0.364 


0.526 


0.3 1 1 


0.527 


0.249 


0.527 


0.196 


0.528 


0.164 


0.530 



The coefficients were obtained with the formula, 

Q = 5.35 mZ/f\/H^ 

They vary very slightly, although the charges have more than 
doubled. The mean is 0.527, and would probably have been 
0.53 if the inclination had been i in 12, which is common in 
practice. With the simple overfall the coeflScient was 0.60 ; 
eo that the additional channel diminished the discharge about 
1 2 per cent. 

68. Aparticular case yet remains to be considered — namely, 
that of the demi-deversoirs or deversoirs tncomplets^ as Dubuat 
has called them, or drowned weirs in English writers, so called 
when the tail water has risen above the level of the sill. Du- 
buat has divided the height of the water above the sill into 
two parts (Fig. 22), Ab and 6C. In the former, the flow takes 
place as in an ordinary overfall, in which Ab {-H) is the 
charge ; so that the volume of water discharged (§ 66) is ex- 
pressed by Q = 3-488 lH\/H-{ 0.035 w^. In the second por- 
tion it may be assumed that the discharge is the same as in a 
rectangular orifice, of which 6Cis the height, and the charge 
equal to the difference of level A^ between the upper and 
lower surface of the water. ^C is the height of this latter 
surface above the sill of the overfall, and if we call the height 
bD of the surface above the bottom of the canal, cz, and the 
height CD of the sill above the same point, ft, it will be equal 
to a - ft. To the charge Aft or // is to be added, as in the 



n 
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case of closed orifices (§ 32), the height due to the velocity u 
of the water in the canal, and the velocity of issue will be— 

\/2ff {H+ 0.01553 M') = \/2g (JS+ o.oi u?*), 

since ti7 » i .25 u (§ 66). Thus we shall have for the discharge 
of this part (§ 29) — 

Q = 4.96 l.{a-'b) */ H\ 0.0 1 wS 

adding the two partial discharges, and putting Q for the total 
discharge 



Q « 3.488 /£?%///"+ 0.035 '^ + 4*9^ / (a - 6) */ R-\ o.oi u;». 

69. Arrangements preliminary to gauging. — Weirs con- 
structed completely across the bed of a river may sometimes 
give the means of measuring the discharge ; but it is in such 
cases necessary that the crown of the weir should have a well- 
defined edge, so that the water which flows over it may fall 
freely, and without meeting any check from the reaction of 
the body of water already passed over. ( Vide § 67.) It is 
but seldom that they are so constructed ; however, we may, 
without great expense, adapt a weir with the usual rounded 
crest to purposes of gauging by raising on the crest some tem- 
porary structure that shall have the necessary well-defined edge, 
and of a suflScient height, so that the discharge may not suffer 
from any such reaction. 

We must so regulate the length of this apparatus that the 
depth of the water, 0, flowing over may be greater abso- 
lutely than 0.1968 feet, § 61, but less relatively than the 
fourth part of the depth of the river as it approaches the 
weir. In such cases the discharge will be given by the for- 
mula Q = 3-558 LH\/W{% 64), L being the length of the 
temporary crest or edge. In case B. should exceed the fourth 
part of the depth of the current of the stream, we must use 

the formula in %66^ Q = 3. 488 LH\/ H-\^ 0*03 5 ^^'j ^ being 
the velocity taken at the surface. 

70. If the mode of gauging by weirs be but seldom appli- 
cable to larger rivers, it is, on the other hand, the most suit- 
able for small streams and water-courses. We have two cases 
to consider : first, that in which the quantity of water dis- 
charged is at or under about 40 cubic feet per second. A 
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spot must be chosen where an overfall can readily be estab- 
lished, haying a length, /, greater than 0.3 feet, but less than 
the thurd part of the width of the bed of the stream, and so dis- 
posed that we may have a charge, H^ greater than 0.1968 fb. ; 
all being, moreover, subject to the condition that IH be not 
greater than the fifth part of the section of the current imme- 
diately above the overfall ; then, without fearing any error 
greater than the hundredth part, we may apply the formula 
Q^ 7.21 IH\/H{^ 64). 

If, secondly, the quantity discharged should exceed 40 
cubic feet per second, we must pond up the water by a dam 
extending from bank to bank, and at each extremity place 
vertical side-boards, so that the opening traversed by the water 
may be rectangular, the crest being truly horizontal, and using 
either of the formulae mentioned above, according to the con- 
ditions specified. The two examples following will point 
out the manner of proceeding, and furnish an opportunity of 
adding some practical details, elucidating what has been laid 
down in § 63 to § 66. 

7 1 . Examples. — i st. Let us suppose it necessary to gauge 
the discharge of a small river or water-course ; we must search 
for a part suitable for the construction of an overfall. This 
will probably be found at a point where the bed has become 
contracted, and the banks are somewhat steep, and imme- 
diately below a wide part of the stream ; at such locality the 
width at the surface of the water is found to be 11.808 feet, 
and the greatest depth 2.62 feet. After a preliminary exami- 
nation of the transverse section, and of the surface velocity, 
measured by means of some light body thrown into the cur- 
rent, we find, approximately, multiplying the assumed section 
by the velocity, that the stream is discharging nearly 35 cubic 
feet per second. 

Since the width is 11.808 feet, we may give 3.936 feet 
to that of the overfall for gauging (i. e. 11.808 h- 3); the 
charge H will then be about 1.97 feet, for the formula 

Q = 3.2 1 /-ff \/^B gives — 

H^ = — ^, or H 

3.21 X / 

which, for the assumed discharge, gives in this case. 




^" ^(?irft:?ii J =y<^'7703)'= 1.97*5 ft. 



1 
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From this preliminary inspection we may construct a suitable 
partition oi plank about o.i feet thick on the upper edge, and 
of such figure as nearly to fit the sides and bottom of the 
water-course. It must be carefully staunched, being sunk into 
the bottom and sides, and puddled on the up-stream face. 
From out of its upper edge we must cut an opening 3.936 fl. 
long and 2.132 ft. deep, so that its sill being 0.488 feet above 
the bottom of the bed ^2.62 - 2.132), the water may flow off 
freely. The section of the presumed discharge (3.936 feet 
X 1.969 = 7.746 square feet) being not the fifth nor even the 
seventh part of the transverse section of the river, which ex- 
ceeds 55 square feet, all the conditions for the application of 
the formula Q = 3.21 IH^/ H are present. Every thing being 
duly prepared for the gauging of the water — such as, all 
leakage having been stopped, and the current restored to its 
ordinary and uniform flow, we proceed to measure H by 
stretching a cord across the opening, whose ends are fastened 
to points in the sides, marked at the level of still water (de- 
duction being made for capillarity), and about a foot from the 
vertical side of the overfall. The depth of Uie sill below this 
line at the centre of the opening is carefully measured, and 
found to be 201 fb., and the length also, intended to be 3.936 
feet, is found to be 3.92 feet. The discharge is, therefore, 
Q- 3.21 X 3.92 X 2.01 \/2.oi « 35.86 cubic feet. 

72. 2nd. A question of law requires that the exact quantity 
of water flowing down a stream when the surface is level with 
the top of a certain fixed mark be determined. The gauging 
must evidently be efiected by a dam across the course. About 
170 feet above the mark a temporary dam is placed, at a part 
where, from its regular width and inclination, the river-bed 
is suitable, having, when the water is at the height above 
named, a breadth of 64.94 feet, and a mean depth of 4.1 feet; 
the overfall being a plank well squared, and 0.13 12 feet 
thick, the upper edge being placed truly horizontal, and 
0.656 feet above the bench-mark. At each extremity a ver- 
tical piece is raised, so that the length of the overfall is 63.6 
feet ; close to the vertical pieces two others are placed, on 
which a scale is drawn whose zero is the upper edge of the 
plank. 

These arrangements being made, it is only necessary to 
observe when the surface of the water down stream is level 
with the fixed mark, and then read the height of the water 
upon each scale. This last has been found to be 2.34 feet. 



FLOW OF WATER — OVER WASTE-BOARDS, WEIRS, ETC. 63 

As this height is nearly the half of that of the temporary dam 
(4.1+0.656=4.756), we cannot apply with confidence the 

formula 3.558 LH\/H^ § 64, p. 53, and we must use — 



3.488 ijEr/£r+ 0.035 m;% ^66. 

To obtain the value of u?, the velocity of the surface of the 
current on arriving at the overfall, we must take a distance of, 
say, 165 feet on each bank, above the point where the surface 
of the current begins to curve towards the overfall; mark 
these points, and, about 60 or 70 feet above them, place 
in the current some floating body of the same specific gravity 
as water, and mark carefully the time which it may take to 
flow along the 165 feet: a mean of six observations gave 
48^ seconds ; whence — 

M? is = V^ = 3-4 feet per second, and 0.0349 w?' = 0.40344. 

Hence — 

Q = 3.488 X 63.6 X 2.34 a/2.34 + 0.40344 = 859.78 cubic feet, 

the formula 3.558 LH^/ H would give 8 10.63 cubic feet. Thus 
we may certify, that at the given height of surface the river 
discharges about 850 cubic feet of water per second. 

73. Experiments on weirs on a large scale have been under- 
taken by Mr. T. E. Blackwell. The first set, contained in the 
following Table, is the result of a series of 243 experiments, 
made on overfalls of 3, 6, and 10 feet in length, with heads 
from 0.0833 ft. to 1. 1 66 ft., and with the varying circum- 
stances of having for the overfall bar, — first, a thin plate ; se- 
condly, a plank o. 166 ft. thick, square on the top ; and thirdly, 
a crest 3 ft. in breadth. The thin plate was a piece of iron 
fender plate, barely 0.0052 ft. thick ; and the broad crest was 
an apron formed of deal boards 3 ft. long, roughly planed 
over, and fastened on to the outer edge of the vertical overfall 
plank, so as to form an uninterrupted continuation of it, the 
object being to approximate towards the case of well-con- 
structed wide-crested weirs, such as may be found in actual 
use in rivers, &c. : the position of this planking was, in some 
of the experiments, horizontal, and in others sloped at i in 1 8 
and I in 12. 
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FIRST SET OF EXPERIMENTS — T. E. BLACKWELL. 



Length of 
OverfallR. 


Coefficients under their respective Charges. 


Mean 
Coefficients. 


Feet. Feet Feet. Feet Feet. Feet Feet Feet. Feet. Feet Feet. 
.083 .1660.25 .333 .4160.50.583.6660.75 .833' 1. 00 


Feet. 
1. 166 


Overfall being a Thin Plate, 0.0052 Feet 


Feet 
3 

lO 


.676 
.808 


.675 
.802 


.630 
.642 


.616 
.655 


.601 
.649 


.59* 




.580 


•5*9 








.631 
.667 




Overfall Plank, 0.166 Feet thick. 




3 
6 

lO 


.466 

.459 
.435 


.508 
.561 

.585 


.562 

.597 
.568 


• 549 
.601 


.588 
.601 
.609 


.592 
.607 

.576 


.616 
.607 

.571 


.606 

.589 
•547 


.600 
.568 
•558 


.613 
•538 


'5^5 
.534 


.549 
.534 


.570 
.565 
'55^ 




Same Overfall with Wingboards, converging at Angle 64". 




lO 


.754 


.675 




>65S 


.670 
















.688 




Crest 3 Feet long, sloping i in 12. 




3 


.466 


•532.538 


.454 


.531 


.526 




.498 








.507 




Crest 3 Feet, sloping i in 18. 




3 

lO 


.544 
.466 


.546 
.495 


'Sr 


.430'. 516 

.514; 


.543 


.513 


.490 
.507 


.492 








.508 
.505 




Crest 3 Feet, level. 




3 
6 

lO 


.451 
.381 


.481 
.478 


.441 
.492 


.418 
.496 


.478 
.517 


.501 
.513 


.487 
.496 


.469 
.468 


•475 
.486 


.4^5 
•454 


.466 




.466 

.483 
.471 



74. The second set consisted of a series of 70 experiments 
on an overfall about 10 feet in length, the width of the bar 
being in every case 0.166 feet. 

In both, special circumstances which influenced the co- 
efficients obtained were present ; and in employing them in 
actual practice, a careful judgment must be formed as to their 
exact degree of applicability. The former were made upon a 
side pond or reservoir of the Kennet and Avon Canal,the area 
of which was 106,200 square feet ; and as to these the author 
remarks, first, that the pond was supplied with the water, not 
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continuously, as drawn oiFin the experimeuts, but three or four 
times a day, or as often as might be requisite : however, even if 
during an experiment no water had been admitted, the decrease 
of the "head" must have been inappreciable, for the largest dis- 
charge measiured in any experiment was barely 444 cubic feet, 
which gives a fell of (444 -t- 106200 =) 0.00418 feet over the 
whole surface, between the beginning and end of it, and the 
half of this, or 0.00209 feet deducted from the head, measured 
at the commencement, for the approximate mean head, could 
not be perceived. Secondly, at some little distance above the 
overfeU the depth of water was reduced by a submerged course 
of masonry (Fig. 23), which rose to within 18 or 20 inches of 
the surface : the width of the approach to the overfall being 
about 40 feet, giving a transverse area of 60 square feet in 
the water approaching the overfall. Thirdly, the overfall was 
placed upon the outer line of the dam, in order to obtain the re- 
quisite free fall ; and the depth of water immediately contiguous 
to it and on the dam would seem, from the section, to be only a 
little more than 2 feet ; but the average depth between the 
submerged course and the dam about 3 feet. The line of 
the overfall, moreover, was not exactly in the direction of one 
of the sides of the reservoir ; and from the measurements given 
of the head, taken at still water, and the corresponding depth 
of the sheet of water flowing off, as given in the following Ta- 
ble, it would appear that some degree of resistance opposed the 
motion of the water up to the overfall. 

75. Actual depth at point of discharge. — In this Table the 
actual heads were measured at the outer edge of the boarded 
crests and edges of the overfalls. The upper line of figures 
gives the head, H, at still water, in feet ; the other figures the 
heads at the outer edge of overfalls or crests, also in feet. 



Table showing the Heads at SHU Watery and at Edge of Overfall, 



Overf. plank 
2 in. thick. 


Overfall. 


Head at StiU Water. 


Feet 
.083 


Feet. 
.166 


Feet 
.^5 


Feet 
.33 


Feet 
.416 


Feet 
.5 


Feet 
.583 


Feet 
.666 


Feet. 
.75 


Feet. 
•833 


3 ft long, 
6 ft long, 


Resulting Depths at Outer Edge. 


.052 

• • • 


• • • 

• • • 


... 
. 161 


L.224J 
.291 


.291 
.296 


.364 
.361 


• • • 

• • • 


. • • 


• • • 

• • • 


• • • 

• • • 



K 
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Table showing the Heads at Still Water, and at Edge of Overfall — 

continued. 



Crests of boards, 3 ft. wide. 


Overfall. 


Head at Still Water. 


Feet. 
0.83 


Feet 
.166 


Feet 
.25 


Feet 
.33 


Feet. Feet Feet. 
.416 .5 .583 


Feet Feet. 
.666.75 


Feet. 
.833 


3 ft. long le- 
vel,. . . 

3 ft., slope 
I in 18, . 

3 ft, slope 
1 in 12, . 

6 ft. long 1 
level, . j 

10 ft long 
level, . . 

10 ft., slope 
I in 18. . 


Resulting Depths at Outer Edge. 


.036 

• • • 

.0208 
.041 

.036 
.026 


.073 

... 

• « . 
... 

.070 
.046 


• • « 

• • • 

• • • 

r.o93l 
< to > 

L.104J 

• • • 

• ■ • 


.114 

.114 

... 

... 


.187 
.145 

• • « 

• • • 

.145 
... 


.198 

• • • 
« • • 

.229 

.218 
.187 


• • . 
.177 
.198 

• • • 

• • • 

• • » 


• . • 
... 
• t « 

. . • 

.302 
.291 


• • • 
• • • 

• • • 

•343 

.291 

. . • 


• • • 

• • • 

• • • 

• • • 

•333 

... 



The general arrangement at these, the first set of experi- 
ments, would seem fairly to represent the case of the discharge 
of water by an overfall from a large still reservoir. 

76. In the second set of experiments — those at Chew Magna 
— we have an area of reservoir of 5717 square feet kept con- 
stantly full by a pipe 2 feet diameter, discharging from a head 
of 1 9 feet. The distance between the mouth of this pipe and 
the overfall was only about 100 feet; the water must, there- 
fore, have retained some of its velocity on approaching the 
overfall ; and indeed, with charges above 0.41 7 or 0.5 feet, this 
was perceptible to the eye, but could not, the author states, 
be accurately determined, from the peculiar form of the reser- 
voir. The results, however, show that this influence must 
have been considerable, and that the effect of water approaching 
an overfall with an initial velocity is an element which should 
never be disregarded. The longitudinal section. Fig. 24, as 
compared with that in the first set, at the Kennet and Avon 
Canal reservoir, seems also more favourable to the free approach 
of the water. The overfall had wings at an angle of 45°, well 
adapted for facilitating the discharge. The overfall bar was a 
cast-iron plate, 0.166 feet thick, with a square top. The ge- 
neral circumstances attending these, the second set of experi- 



FLOW OF WATER — OVER WASTE-BOAKDS, WEIRF, ETC. 67 

ments, make the discharges given by them analogous to the 
case of a weir in a river, or in a running stream ; and in this 
view they have great value when carefully applied. 



Overfall, Cast-iron Plate, 0.166 Feet thick; Length, 10 Feet. 


Head in Feet 


Coeffi- 


Head in Feet 


Coeffi- 


Head in Feet. 


Coeffi- 




cientH. 




cients. 




cienta. 


.083 to .073 


.591 


•3437 


•743 


•5 , 


•749 


.083 to .088 


.626 


•3594 


.760 


.5156 


.748 


.182 to .187 


.682 


.3646 


.741 


.5156 to .521 


•747 


.229 


.665 


.3610 


.750 


.5781 


.772 


•2435 


.670 


•375 


.725 


•639 


•717 


.2396 


.6ss 


.416 


.780 


.6666 


.802 


.2422 


•653 


.4227 


.781 


.66 to .734 


•737 


.2448 


.654 


•4505 


•749 


.7448 


.750 


.25 to .253 


.725 


•453 to .456 


•751 


•75 


.781 


•3333 


•745 


.4948 


.728 






Mean of all, . . 


•723 



77. These several sets of experiments, and those of J. B. 
Francis, § 80, are probably, as to length of overfall, and charges 
some of which exceed 0.75 feet, the largest that have been 
yet recorded. To compare them fully with those of D'Au- 
buisson, it would, perhaps be necessary to have had a greater 
number of widths below that of i o feet than 6 and 3 feet, but 
with these only, as published, the comparison tends, in some 
degree, to confirm the coeflBcients given by D'Aubuisson in 
§§ 64, 66. Let us, for this comparison, recapitulate what has 
there been laid down. First, from the Tables, § 60, and the 
remarks, § 64, it appears that, with an overfall whose length 
is one-third or less of the channel of supply, we must use 0.60 
as the multiplier or coeflBcient to reduce the expression — 

80 as to give the true discharge per second (p. 53). Hence, 

Q=3.2i I^HVIT. 

Secondly, when the overfall is of a length equal to that of 
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the width of the channel of supply, we may use 0.665, P^^^ 
vided also, that the head of water be less than one-third of the 
height of the dam above the bottom of the channel of supply^ 
givmg — 

Q = 3.558 ZJI1/B: 

Thirdly, we have coefficients which decrease from 0.662 
to 0.59c in proportion as the length of the over&ll ranges from 
the full width of the channel to the fourth part of it. Lastly 
(§ 64, p. 53 J 54)5 we have 0.652 to be employed with overfalls 
whose length is the full width of the channel of supply ; and 
when also the initial velocity of the water in this channel is 
represented in the formula by the quantity added to H in the 
factor — 

\^H+ 0.035 M>', giving Q = 3.488 LHV H->t 0.035 "'*• 

Fourthly, we have, m the case of the additional channels 
or broad crests, the coefficient 0.527 to be used for m in the 
formula — 

Q=S.^^mlH\/ H^ giving Q = 2.8355 iffs/fT. 

78. In Mr. Blackwell's experiments we can only use for 
this comparison those in which the overfall was constructed of 
plate-iron 0.0052 feet thick; and secondly, those having the 
crests 3 feet broad attached below the edge ; since D* Aubuisson 
has only recorded experiments made with a thin plate of cop- 
per for the overfall, and those which had a channel attached 
below the edge. Now, if we consider the 10 feet overfalls of 
Mr. BlackweTl as being analogous to those in D'Aubuisson, in 
which the length is equal to the full width of the channel of 
supply, — which the plan (Fig. 25) would seem to justify, — we 
find that, taking out from Table § 73 the average coefficient, 
overfall of thin plate-iron and i o feet long, we have — 

According to T. E. Blackwell, 0.667 

„ D'Aubuisson (§ 64, second case), 0.665 

The average of the 3 feet overfall (less than one-third of the 
channel of supply), constructed of plate-iron 0.0052 feet thick, 
according to Blackwell, is 0.631, in the " first case" in § 64 
we find 0.600 as being used by D'Aubuisson in analogous cir- 
cumstances. It may, however, be observed, that the charges 
in Mr. Blackwell's experiments, which give 0.631, not going 
higher than 0.5 feet, and the coefficients decreasing up to that 
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head, make it probable that they would have decreased much 
lower had the experiments been continued, and so reduced the 
coefficient 0.63 1 to a value nearer to 0.600. 

Again, in the experiments with the added channels of 
broad crests, we find the average of Mr. Blackwell, when the 
crest is horizontal, to be 0.473. ^^^ average of those in 
D'Aubuisson, § 67, p. 58, is 0.430, but particular experiments 
give a closer agreement in the coefficients: for instance, if we 
take out that derived from the charge 0.337 ^^^^ ^^ *^^® ^^* 
Table, the coefficient is 0.457 5 and in § 73, under the nearly 
equal charge of 0.333, we have the same identical coefficient 
0.457 as the mean of the two given for the 3 feet and 6 feet 
overfalls. Castel's experiments for overfalls, with channels 
attached, sloping i in 13.3, give at the mean 0.527 ; the mean 
of those in § 73, sloping i in 12, is 0.507. In these also, if we 
take out the particular heads of 0.164 feet in the former, and 
0.166 in the latter, we have the respective coefficients 0.530 
and 0.532. 

79. The overfalls having the bar, in the first set of experi- 
ments of plank, and in the second set at Chew Magna, of cast- 
iron, each 0.166 feet thick, and with square top edges, repre- 
sent a very common structure for waste weirs, tumbling-bays, 
&c., on artificial canals and feeders. The average of the first 
set, with charges from 0.083 to i.i 66, and 10 feet length of 
overfall, gives 0.556 ; that of the second set is as high as 
0.723. 

The plan and longitudinal section of the channel of ap- 
proach is evidently more favourable in the latter case than the 
former ; and the velocity of the approaching water must also 
have been considerable, from the circumstances mentioned in 
§ 76. The very low coefficient 0.556 is not, however, readily 
to be accounted for ; nor is it easy to assign a reason why, in 
the first set, the change from a thickness of 0.0052 feet to 
0-166 feet in the overfall bar should lower the coefficients to 
such an extent, every other circumstance being apparently the 
same. 

If we look to the coefficients of particular experiments, as, 
for instance, under charge 0.083 ^®^*> length 10 feet, we find 
0.808 with overfall 0.0052 feet thick, and only 0.435 ^^*^ ^^^^ 
whose edge was the plank 0.166 feet thick ; and again, under 
charge of 0.75 feet, with 10 feet lengths, we have 0.529, for 
overfall 0.0052 thick, and 0.558 for that 0.166 feet thick, — 
that overfall having in this case the lesser coefficient, which 
had in the first instance one nearly double ; again, with the 
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3 feet overfalls, head 0.50, the coefficient is the same in both, 
— namely, 0.592. 

80. The following Table, compiled from various sources, 
exhibits at one view the results of different experimenters. 
Figs. 57 to 63 are diagrams illustrating the same. 





( 


[>verfall, 0.5 feet long. — Smeaton and Brindley. 


Heads, 




.083 .1042 .1146 


. 1354 . 1927 . 2604 .4166 .4687 


.5417 


Coeifs. 




.713.681 .654 


.638 .636 .602 .609 .571 


.633 


Overfall, 1.533 ^®«t ^0°?. — ^^ Buat. 


Heads, 




.1482 .2666.3887 


.5627 


Coeffs. 




.648 .624 .627 


.630 


Overfall, 0.656 feet long. — D'Aabnisaon and Castel. 


Heads,! 




.098.131 .164 


.196 .261 .328 .393 .459 


.524 .590 


Coeffs. 


.632.624 .620 


.617 .616 .617 .620 .624 


.628 .633 


Overfall, 0.6458 feet long. — Poncelet and Lesbros. 


Heads, .033 


.066 


.099]. 1332. 1998 


.2664.333 .5 .666 .75 




Coefft. . 636 . 625 


.618 .611 .601 


•595 •59» .590 .585 .577 




First Set. — Overfalls, 3 feet and 10 feet long. — Simpson and BlackwelL 


Heads, 




.083.166 .25 


.33 .416 .50 .583 .666 


.75 


Coeffs. 




.742.738 .636 


^35 -625 .592 .580 


•529 


Second Set. — Overfall 10 feet long.— Simpson and BlackwelL 


Heads, 




.083.166 .25 


.33 .416 .50 .583 ,666 .75 


Coeffs. 




.608.682 .725 


.745 .780 .749 .772 .802 .781 


Overfall, 10 feet long. — J. B. Francis. — Lowell Experiments. 


Heads, 




0.62 0.65 


0.80 0.83 0.98 1. 00 1.06 1.25 1.56 


Coefis. 




0.622I0.622 


0. 623 0. 625 0. 625 0. 622 0. 627 0. 623J0. 62 



The volume of water which passed into the measuring tank 
in the last experiments was between 11,000 and 12,000 cb. 
feet. In every case except the last three we may perceive that the 
coefficient decreases as the charge increases. Another excep- 
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lion may be found by referring back to the experiments of the 
first set, — overfall being a plank 0.166 feet thick, — in which 
the coefficients increase with the increase of the charges ; the 
lengths being 3 feet, 6 feet, and 10 feet ; and with the lengths 
of 6 feet and 10 feet attaining a maximum value at the charge 
of 0^83 feet, from which they slightly increase. 

Experiments on the smaller differ from those on the greater 
" heads" in this, that they can be, and generally are, continued 
for a longer period of time : a measuring tank of a definite ca- 
pacity being always part of an experimental apparatus, the 
smaller discharges may be much prolonged, and thus all errors, 
such as in the noting the commencement and end of an ex- 
periment, are diminished. 

8 1 . Method of determining the coefficient from experiments. 
— Smeaton's experiments were conducted by making observa- 
tions upon the time in which a vessel of 20 cubic feet capacity 
was filled by the water flowing over a notch 0.5 feet long, and 
with the different charges given in the Table above. 

Thus, with 0.1042 feet charge we should have, from the 
formuls 



^IHy/igH^-y^ 0.5 x 0.1042 x v^o.1042 x 8.024 = 0.08995 

cubic feet per second ; but the experiment gives 20 cubic feet 
in 326 seconds, or (20 -4- 326=) 0.06135 cubic feet in one se- 
cond, and — 

0.08995 : 0.06135 : : I : 0.682 (= i x °-;^} 

So also : Du Buat had a gauging reservoir to receive the 
discharged water, 'whose area was 108 square feet French ; the 
water discharged by a notch (reversoir) 1 7 pouce 3 ligne long, 
with a head of i po. 8 lig., raised the surface of the reservoir 
above mentioned 1 po. in three minutes : hence the discharge 
per second was 15552x5 -^ 180 = 432 cubic pouce, and the 
formula gives — 

Q = -x 17.25 X 1.666 \/i.666 X ^/2g ; 

and as with this unit 2g is equal to 724, we have \^2g 
equal to 26.907, the resulting value is 66503 po. cubic, and 
665.3 • 432 : : I : 0.648 ; and in all experiments in general, the 
cubic quantity discharged in the observed time is to be re- 
duced to the quantity per second, by dividing the former by 
the time expressed in seconds ; and this, the actual discharge, 
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being divided by the result of the formula expressed in num- 
bers, gives the coefficient by which the formula must be af- 
fected to make its results coincide with actual experimental 
results. 

Mr. T. E. Blackwell used in his first set a gauging tank of 
a capacity of 444.39 cubic feet: we find with an overfall 3 ft. 
long, and a head of o.o83'feet,that in 757 seconds the discharge 

is 137.91 cubic feet, i. e. '-^^^= o.i82cubicfeetper second, now 

- X 3 X 0.083 r 0.083 ^ 8.024 = 0.3836 cubic feet, 

and 0.3836 : 0.182 : : 1 : 0.4744 = wi. In the Table, § 73, these 
data give m = 0.466 ; but this is the average of three experi- 
ments, of which the above is one. With an overfall of i o feet 
long, and a head of i foot, we have the discharge equal to 

442.29 cubic feet in 15.; seconds, i.e. m^ = 28.535 cubic 

feet per second, and -xioxix^/ix 8.024 = 53493 ; there- 
fore 

53.493 ^^^ 

82. Mr. Beardmore, in his " Hydraulic Tables," has used 
the formula— 

(a) Q=2i4\//^% 

in constructing his Table for the " Discharge of Weirs or Over- 
falls." This formula is very nearly identical with that in § 64, 
second case ; for as this (a) gives the discharge, not for any 
length, /, but for one foot in length only, and per minute in- 
stead of per second, as all the formulae given in the present 
work, we must, to compare them, divide («) by 60, and mul- 
tiply by /: hence, as 214 -f- 60 = 3.566, we have — 

Q = 3.566 /fl'A/F(= ^ iw//7v/2^, 
and consequently as — 

•z X ^/2g X m = 3.566, we have m = - — t==" = 0.66654 ; , 
^ 2 V 2^ 

hence, we may write (a) thus, — 

Q«=^ x/x 60 X 3.566 Hv^^ 
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for any length /, and per second, and not per foot of length of 
overfall, per minute. 

This author also remarks, ^^ that the constant 214 is liable 
to some variation under unfavourable circumstances : for in- 
stance, when the weir is formed of a number of short bays, 
divided by vertical beams, grooved for sliding down the hori- 
zontal waste-boards to regulate the surface-level of top water. 
In these cases, the water passing the edges assumes the vena 
contractu form in each bay, and, consequently, the total width, 
Z/, of the opening should be reduced to obtain the true quantity 
of water passing. These, and other causes which may render 
the observations liable to error, must be treated with judg- 
ment, according to circumstances." . . . . " The best way of 
gauging for weirs is to have a pqat with a smooth head, level 
with the edge of the waste-board or sill : to be driven Jirmly 
in some part of the pond above the weir which has still water. 
A common rule can then be used for ascertaining the depth, 
or a gauge, showing at sight the depth of water passing over, 
may be nailed with its zero at the level of the sill of the weir. 
Among the conditions essential to a correct result are the 
absence of wind and current, a good thin-edged waste-board, 
the water having a free fall, and a weir not so long in propor- 
tion to the width above it as to wire-draw the stream ; for in 
this case the water will arrive at the weir with an initial velo- 
city due to a fall, which is not. estimated in the gauging, and 
the result will in all probability be too small." 
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CHAPTER II. 

FLOW OF WATBR UNDER A VARIABLE HEAD. 

83. Flow of Water when the level is variable upon one or 
both faces of the orifice of discharge. — When a reservoir, instead 
of being maintained constantly full, as we have supposed it to 
be hitherto, receives no supply, or receives less than it dis- 
charges through an orifice in the bottom, the surface of the 
fluid gradually descends, and the tank or reservoir is at length 
emptied. The laws of the discharge are in this case different 
from those which have been stated in the first chapter, and the 
questions to be resolved are of a different character. 

The form of the vessels may be also, either prismatic — 
that is, of identical sections at every height of the surface — or 
having sides sloping at some known inclination. 

84. Ratio between the velocities at the ori/ice and in the 
vessel. — Let us suppose that the fluid contained in a prismatic 
vessel be divided into extremely small horizontal sections, and 
that they descend parallel to each other, the particles of the 
fluid in each of the sections must then have the same velocity. 
This is the hypothesis of the parallelism of the horizontal sec- 
tions, admitted, and perhaps too much extended, by many 
hydraulicians. 

Let V be the velocity of the particles in the vessel ; V that 
which they have at the orifice ; A the horizontal section 
of the reservoir or vessel containing the water ; /S, or rather 
mSy that of the orifice ; m being the coefiScient of contrao- 
tion, the volume of water which flows out in the indefinitely 
small time t will be expressed by mSYr. During this same 
time the surface of the water will descend by a quantity rr, 
and the corresponding value of the volume of water will be 
AvT = wiSFt, or v:v:: mS I Ay giving an example of that 
hydraulic axiom mentioned § 16, p. 14, — namely, that the 
velocities are in the inverse ratio of of the sections. 

.85. Head due to the velocity of the water at its point ofdis^ 
charge. — The velocity F of the issuing fluid does not now 
maintain the same constant rate. It is uniform but for a given 
instant ; for, besides being due to the actual head at the given 
instant, the velocity F is a consequence of the velocity v ac- 
quired during the descent of the parallel sections above men- 
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tloned : the two velocities acting in the same direction, from 
above downwards, their resultant is equal to their sum. Thus, if 




be the generating height due to the velocity which the water 
has at its point of discharge, jET always representing the actual 
head in the vessel, we shall have — 

from whence we may deduce — 



When mS is small 'compared with ^, as is generally the 
case, m' S^ will be inappreciable with regard to vi', and may 
be neglected ; in which case, H' = H, that is to say, the velo- 
city of issue at any given instant is that due to the actual 
height of the water in the vessel at that same moment. In 
this chapter it is always assumed to be so, although the hypo- 
thesis of the parallelism of the horizontal sections, however 
admissible in their descent, does not hold good when they have 
arrived at the sphere of action of the orifice, the circumstances 
of the movement of the molecules of the fluid become then 
very complicated, and are indeed entirely unknown. 

86. Nature of the motion, — Let M (Fig. 26) represent a ves- 
sel of water filled up to AB ; let us divide the height from B 
to the orifice D into a great number of equal parts, Ba, ai, fe, 
&c. Suppose, then, that a body, P, were impelled from be- 
low upwards with a velocity such that it rises to the point H, 
PH being equal to DB, and let us divide PH into the same 
number of equal parts. 

In proportion as the body rises, its velocity will dimi- 
nish, in such manner that when it shall have arrived succes- 
sively at the points a\ b\ </, the velocities will be respectively 
V Ha , \/H6', V^Hc' ... o, as is shown in works on the Ele- 
ments of Mechanics. Recurring to the fluid contained in the 
vessel M, in proportion as it flows out, the surface AB is low- 
ered ; and when it shall have successively reached the points 
«, 6, c, the respective velocities of the issuing water will be 
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(§ 85) as \/Da, \/D6, a/Dc ... o, or, according to the con- 
struction, as their equals, v^Ha', v^Hi', \/Hc' . . . o ; so that, 
in proportion as the vessel is emptied, the velocity of the dis- 
charge will decrease down to zero, following the same law as 
the velocity of the body impelled from below upwards, each 
being an example of an uniformly retarded motion ; conse- 
quently, the discharge also will be governed by the same 
law. 

It will be the same, also, in the descent of the surface of 
the water in the vessel, which will be uniformly retarded, its 
velocity being in a constant ratio to that at the orifice, — 
namely, as the section of the orifice to the area of the surface 
of the water. 

87. Volume discharged. — According to the laws of a uni- 
formly retarded motion, when a body, starting with a certain 
velocity, loses it gradually until it is reduced to zero, it only 
describes one-half the space it would have traversed in the 
same time if it had moved uniformly with the velocity with 
which it commenced the motion. Now the volume of water 
which flows out from any vessel until it is all discharged may 
be regarded as a prism, whose base is the orifice, and height 
the space which the first issuing particles would describe, with 
a uniformly retarded motion identical with that by which the 
discharge takes place ; but if the same particles had always 
preserved their initial velocity (which is that due to the pri- 
mary charge), the space described in the same time, or the 
height of the prism, and, consequently, the volume of water 
discharged, would have been doubled. Hence this theorem ; — 
The volume of water which passes throtigh an orifice at the bot- 
tom of a prismatic vessel^ receiving no supply ^ and therefore he- 
coming empty ^ is only one-half of that which would be given dur- 
ing the time of complete discharge^ if the flow had taken place 
under a constant charge eqtial to the primary, 

88. Time which is required to empty a vessel, — Let H be 
this charge ; A the horizontal section of the vessel ; 2' the time 
which it may require to be completely discharged. The vo- 
lume of water discharged during this time — that is to say, all 
the water the vessel contains (above the orifice) — is Ax H. 
The volume, according to the theorem above, which would 
have been discharged in that time under the constant charge 
-ff, would have been 2 (-4 x H), This same volume, or thedjs- 

charge during th« time T, is also equal to mST \^2gS. 
We may use the Italic capital H instead of the Roman H, 
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conventionally applied hitherto in this formula (§ 46), rinoe 
the orifice is now supposed to be in the bottom of the vessel, 
and therefore H and H are identical. Equating these two 
values, we have — 

2AB^mST\/2ffBj 
and solving for T, we have — 

' mS ^2glt 

and dividing above and below by ^/H^ we have, finally — 

mS A^2g 

If we represent by T the time which the volume AH would 
take to flow out under the constant head //, we should have 
had (§ 14)— 

AH^mST V^gH.^x T r.Ay^^^ 

mSv 2g 

consequently, T=^2T*\ that is to say, the time which a pris- 
matte vessel takes to be completely discharged is double that in 
which the same volume wotddfiow out^ if the head had remained 
constantly the same as it u^as at the commencement of the dis^ 
charge. 

89. Time which the surface of the water takes to descend a 
given depth — Let t be the time sought in which the level 
descends the given vertical depth a : now the time in which 
the whole volume would be discharged is (§ 88) — 

2AyW 

___^^— ^ • 

mSV^g ' 

the head at the commencement being H\ and putting — 

H-^a^h 

for the head at the end of t^ we have the time in which the 
volume hA would be entirely discharged equal to — 

2AVh 
m S \^2g . 
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Now, the time t^ that in which the surface descends a height 
equal to a, is evidently the difference between the two ex- 
pressions given above, that is — 

mS \/2ff mSV2g ^^ V^ff 

This proposition and that in § 88 give a method of deter- 
mining by experiment the coefficient of contraction at an ori- 
fice, and have been used by Dr. Young for that purpose (Trans- 
actions, Royal Irish Academy, vol, ii., p. 8i, &c.). . Vide 
Examples to Chap. II., xxxiii. and xxxiv. 

90. Volume discharged in a given time. — The above expres- 
sion for the time which the water requires to descend any given 
height, by a simple transformation, gives both the value of a, 
and also the volume of water discharged during the given time : 
thus we have from {a) — 



and — 



2A 



hence, 



a/A^V^- 



tmS\^2g 



zA ' 
squaring both sides of the former equation — 

hence — 

Hence, substituting for v A its value given above, and multi- 
plying both sides by A^ we have the discharge Q' for the given 
time — 
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91. Mean hydraulic charge. — A prismatic vessel (Fig. 27), 
receiving no supply, discharges water through an orifice, /S, 
during the time T seconds, having at the commencement the 
head H^ and at the end that represented by h ; required the 
mean hydraulic charge H\ by which, ceteris paribus^ the same 
quantity of water would have been discharged : we have 

(§ M)- 

(6) Q[^mSV2gTy/lr~{H-h)A; 

also § 89 {a)— 

substituting this value of Tin (i), we have — 
2A _ 

Clearing of fractions, and dividing, we have — 

/-7P H-h „, / H^h V 



Cor.— If A = o, then R = (^ J = -• 



92. Case in which the basin receives a constant stream during 
the time it is discharging. — Let us suppose that a prismatic 
basin receives a constant supply (less than that discharged), 
and that we have to determine, in these circumstances, the 
time that the surface will require to fall a given height. 
Continuing the same letters in the same significations, let 
us, in addition, call the volume of water arriving at the ba- 
sin in one second ^, and let x be the height which the water 
descends in the given time t^ and dx the height which the 
surface descends in the indefinitely small time dt^ Adx will 
then express the volume of water which flows out during dt^ 
if the basin received no supply ; but as it does receive q in 
one second, and consequently qdt in dty the volume of water 
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actuallj discharged will be Adx -i- qdL This same volume, 
from the formula for the discharge ef water through orifices 
(§ 14), is expressed by fnSdt^/2ff (H-x) ; we shall there- 
fore have — 

(fl) . . . Adx + qdt = mSdi^/2g {H-a); 

and if we make H- x-h^ and therefore -dx = dh^ we have 

(6) . . . . qdt - Adh = mSdt V^g ^/li^ 

which gives— 

"Adh 

(c) a# = 



mS V igy/ h-q 

In order to integrate this equation, we may put — 
(rf) . . . mS^/^g V A - q =y, and thu< 

the integral of which is — 

Determining the value of C for the commencement of the mo- 
tion, when t^o and a; = o, and H also being equal to A, we 
have, substituting for y its value above, — 

C equal to — 

'^^;^=y {mS VTg \^1R- ? + ? hyp log mS y/Tg /S- q). 

Hence t is equal to— 

It is evident from this expression that when q^o^ that is, 
when no supply is flowing in, it becomes identical with that 
in § 89. 
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If we had to determine the height which the level of the 
water would descend in a given time, the question would be 
reduced to this other — namely, to find the charge h at the end 
of this time, and subtract it from H^ the head, at the com- 
mencement of the discharge. To obtain h we must substitute 
successive values of it ; i. e. oi {H-x), in the equation given 
above, and thus tentatively determine that which satisfies the 
equation. 

93. Case when the water is discharged over a weir In the 

case when the water issues from the basin by an overfall, sup- 
posing that it receive no supply, we shall have, from what 
has been laid down in § 46 and § 55, 

Adx ^-ml {H- x) dt \/2g ^H^^ 

whence, by a method analogous to that which has been used 
above, we have — 

ml%/2gWh VH) 

94. Reservoirs not being prismatic. — We have hitherto consi- 
dered only the particular case of prismatic basins or reservoirs : 
the determination of the time of discharge for any other form 
is much more complicated, and is even impossible in most 
cases which present themselves. The fundamental equation 
is, however, always — 

Adx = mSdt V 2g {H- aj), 

from whence we have — 

Adx 
dt = 



mS \/2g {H-x) 

But here A is variable, and we must, in order to integrate, 
express A in terms of a?, which can only be effected when we 
know the law by which A decreases, and in the cases where 
the basin itself is a solid of revolution, whose generatrix is 
known. In every other case it will be necessary to proceed 
by approximations and by parts. To this end, we must divide 
the basin or reservoir into horizontal sections of small depth. 
Each of these may be taken as prismatic, and we can deterujine 
the time it takes to be discharged by the aid of the formulae 
given above. The sum of these partial times will give the 

M 
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time that the surface of the water takes to descend a height 
equal to the sum of the heights of the prisms. 

95. Flow of water when it is discharged from one reservoir 
into another, 

I St. In the case when the orifice is covered with water on 
both fiices or sides, the levels remaining constant, the quantity 
discharged is then the same as if it had taken place into the open 
air under a charge H-h^ equal to the difference of the charges 
upon each face ; thus we have, representing by Q the discharge 
per second, — 

Q = m/S V2g{H-h). 

2ndly. Let us suppose that the level remains constant in the 
upper basin, and that thelower of a given areareceives it without 
any loss ; required the time which must elapse before it has 
reached the level of the upper basin or a given height. This 
problem is the exact inverse of that in § 89, in which the dis- 
charge took place into the air, and the surface of the water 
above the orifice descended with a motion uniformly retarded. 
In the present case, the surface of the basin, urged from below 
upwards with a force measured by the difference of the level 
between the two basins, — which decreases in the same propor- 
tion as the charge decreased in the former case, — rises with a 
motion uniformly retarded, and it will require the same time 
to traverse the same space under these similar pressures. 

Let /T represent the pressure or charge AC (Fig. 28) at 
the commencement, and h the charge AD at the end of the 
time ^, A the horizontal section of the vessel being filled, and 
S and m as before, — we shall have, for filling up to DE, 

and for that of filling up to AF we shall have — 

mS\/2ff 

These latter formulae are of some importance : they serve to 
determine the time in which canal locks, &c., may be filled, 
and to assign the area of sluice-way required to fill in a given 
time. 

(^6. 3rdly. The level of the water being variable in each vessel. 
— We come now to the third case that can arise, namely, when 
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two reservoirs of different level communicate with each other, 
each being limited in area and receiving no supply, and thus 
one surface descends as the other rises. Such is the case of 
the two basins K and L (Fig. 29), communicating by a wide 
pipe EF, provided with a sluice-door or cock at G. Before 
the opening of this sluice-door the level of the water is at AB 
in the first reservoir, and CO in the second. At the end of a 
certain time after the opening of the communication it has de- 
scended to MN in the first, and has ascended to PQ in the se- 
cond. It is required to determine the relation between these 
two heights at a given time, or, vice versd, from the given dif- 
ference in the respective heights, to determine the time cor- 
responding to a given discharge. 

Let t equal the given time, BE = i7, CF = A, NE = «, 
PF = y, -4. = horizontal section of the first vessel, and B = that 
of the second, s = section of the pipe of communication : in the 
coefi&cient m we must include the resistance of the water pass- 
ing through this pipe. Whilst the water has risen in the 
second basin by the quantity dy^ during the instant dt^ it will 
have lowered in the other by dx ; and remembering that x 
diminishes while y and t increase, we have Adx^-Bdy and 

(§ 14), 

(a) .... Adx ^-ms \/2ff {x-y). dt, 
from whence — 

ms V2ff{x-y) 

The first equation being integrated, remembering that when 
x^ H9 y^h: we have — 

(c) Jx + By ^'HA + Bh ; 

solving for y we have — 



A{H-x) , 

" — D — ' + « ; 



y B 



and substituting this value of y in the preceding equation (&), 
integrating, and observing that H-x when ^=0, we have 

t ^AVB \^ B{H-h)'-V{A^B)x-AH^Bh\ 

If it were required to find the time in which the two sur- 
faces would be at the same level, we should have from (c) — 
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AH+Bh 

and, this talue of x being substituted in the above expression 
for t^ will give — 

id) t^ ^ABynrrn 

mS\/2ff(A+B) 

From whence it is evident that for the same value of (H-h) 
t is the same whether A be the horizontal section of the basin 
that lowers, and B that of the other, whose surface rises, or, 
vice versdi B that which falls, and A that which rises. 
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CHAPTERS L asd IL 

97 . Questions solved by means of the formula mSy^2ffll = Q, 
the charge on the centre being represented by H. — (i.) In order to 
obtain a comparative view of the effects resulting from the use 
of the different coefficients for the discharge through orifices, 
given in §§ 18 to 43, to which we first confine our attention, 
let us take a circular orifice of 0.25 fl. in diameter, the area 
S being therefore 0.25* x 0.7854 = 0.04^09 sq. ft., and deter- 
mine : — First, the discharge through it in some given time, 
as 40 minutes, with a constant charge of, suppose, 9 fb. above 
the centre of the orifice ; and, secondly, with the same orifice 
and charge, seek the different intervals of time required to 
discharge a given volume of water, as 1000 cubic feet. As 
the charge is so great compared with the diameter in the 
above data, we may use the formula (§ 14) — 

in which H is the charge on the centre. In the first case 
mentioned above we calculate the value of — 

ST s/Tg /H, 

which becomes 0.04909 x 40 x 60 x 8.024 ^ 3 « 2836.067 cb. ft., 
and multiply it by the several values of m, as is done below. 
For the second case we have — 

. ■ y -»■ / • 

S \/2g \/H m 
the value of the first factor of the left-hand side is — 

1000 TOOO ^ 

0.04909 X 8.024 X 3 ' 7:7877 = ^"^^-^4 ^*^- **•' 

which must be divided also by the successive values of m to 
obtain 7', the time required to discharge the given quantity. 

Value of Q in 40 min. Value of T^ 

m X 2836.067. or 846.24 cb. ft '-5- m. 

min. sec. 

(1) m (§ 28^ = 0.50 . . . . I4i8cb. ft. . . 28 1 2 internal tube. 

(2) m (§ i8) = o.62 .... 1758 .... 22 45 thin plate. 
(S^wid 34) = o-82 .... 2325 17 12 cylindrical adjutage. 

(4) »» (§ 40) = 0.95 .... 2694 14 51 conical converging adju- 

tages. 

(5) "» (§ »8) = i.oo .... 2836 14 6 form of vena contracta 

and conl. converging. 

(6) m (§43) =1.46 ... 4140 9 39 conical diverging adju- 

tages. 
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(ii.) Required the discharge in six minutes, through a rec- 
tangular sluice 3 ft. by i ft., the side 3 fb. long being horizontal, 
the depth to the sill from the surface being 7 ft., and m being 
equal to 0.62. 

Here 

0.62 X 3 sq.ft. X 8.024 ^/6,^ « Q, 
and 

v/6.5 = 2.5495 may be taken equal to 2.55, 
hence 

Q = 38.06 cb. ft. per sec, 
and 

Q'=6x 60 X 38.06* 13701.6 cubic feet. 

(ill.) A reservoir having at full water a depth of 40 feet 
over the centre of the discharging sluice, whose area is 2 feet 
horizontal by i .5 ft. vertical when fully opened : — ^Required the 
discharge at that depth, and also when the water has sunk to 
the heads, 30 ft., 20 ft., and 10 ft., the value of m being taken 
at 0.62 in each case, — we have — 

aS« 1.5 X 2 = 3 sq.ft., and V^4o, \/3o> \/2o, and V^io, 

being respectively 6.324, 5.477» 4-472, 3. 162* We must mul- 
tiply these numbers successively by — 

0.62 X 8.024 X 3 = 14.92464, 

which is the same in each. Hence, for 40 ft. head the dis- 
charge is 94.3 84 per sec. ; for 30 ft., 8 1 .742 cb. feet. ; for 20 ft., 
66.743 cb. ft.; and for 10 ft., 47.192, or the half of that for 
40 ft.; 3.162 being necessarily half 6.324, as they are the roots 
of numbers in the ratio of i to 4. This question points out the 
fact that leakages of sluices in lock-gates, &c., increase far less 
rapidly than the head, being, in fact, as the square roots of the 
charges. {Vide Smeaton's Reports, vol. i., pp. 196-9.) 

(iv.) What is the discharge through a circular pipe 4 ft. 
diameter in the embankment of a reservoir, the head upon the 
centre being 90 ft., m being taken equal to 0.60 ? In this 
case — 

5= (4)* X 0.7854= 12.5664 and 1/90*9.487, 

hence 

0.6 X 12.5664 X 8.024 X 9-487 - 573-9 cb.ft. per sec. 
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(v.) A rectangular sluice, sides 4 ft. horizontal and 3 ft. ver- 
tical, having a charge of 20 ft. on the centre, is raised 1.5 ft. : 
required the discharge per sec, and also when fully opened. 
We have the value of S in the first instance one-half that in 
the second, but the heads are 20.75 ft. and 20 ft. respec- 
tively ; and taking m « 0.62, we have first — 

0.62 X 8.024 X 6 X \/20.75 (=4-5552) = 135.97 cb. ft. ; 
and secondly, 

0.62 X 8.024 X 12 X v^20 (= 4.472) = 266.97 cb. ft. 

The double of the former would be 271.94 cb.ft. 

(vi.) In cities in which water is supplied at high pressure, 
and constant service, it is sometimes usual to give the water to 
manufactories and works through a very small orifice, perfo- 
rated in a disk, which is closed up secure from any possibility 
of unfair interference. Calculate the discharge through an 
orifice 0.0089 in. diameter for 24 hours, the head being 1 29 ft. 
and m equal to 0.62 ; we have — 

log. m + log. S\\ log. (2^) f \ log. H + log. 86.400"= log. Q', 

the log. of S being 2 log. 0.0089 + log. 0.7854, — ^we have 
thus — 

Q' = 303.655 cb.ft. 

(vii.) Suppose the pressure on the mains to be i jo ft. of 
water, and the diameter of the orifice 0.02 ft. : required the 
quantity delivered in 24 hours, the coefficient of discharge 

being 0.62. The \^i5o being equal to 12.247, ^^^ — 

5 = (0.02)'* X 0.7854 = 0.0003 14 16, 
we have — 

Q = 24*' X 3600" XO.62 X 0.0003 1416 X 8.024 X 12.247 

= 1653.7 cb. ft. 

(viii.) What must be the diameter of the orifice to give 600 
cb. It. per diem, the head on the main being 100 feet ? 
Here 

a 600 (= Q) 600 ^ «. 

5a ^^ — -^ = =0.000 1 396 sq.ft., 

24 X 3600 X 0.62 X 8.024 X 10 4298300 
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and as /S=d^ X 0.7854, we have — 

, /o.oooi'io6 / . p 

a= / — ^ — ^^— V 0.0000177744 = 0.004216 ft. 

As the exact adjustment of this diameter would be nearly 
impossible, the process is somewhat tentative. 

(ix.) In the sluices constructed in tidal harbours for scour- 
ing away at low water the silt that generally accumulates in 
them, we obtain examples on a very large scale of the discharge 
of water through orifices. 

This simple remedy for a defect that had rendered nearly 
useless some of the most important tidal harbours on the coast 
ofEngland, which had notthe advantage ofany sufficient natural 
streams to keep them open, was introduced by the great Smea- 
ton from his personal observation of the practice in the Low 
Countries {loide Reports, vol. ii. p. 202-209). A bank thrown 
across some part, covered at high tide, impounded the water 
allowed to enter during the rise of the tide, and which at low 
water is discharged very rapidly through sluices constructed 
in this embankment, the sills of which are at low water of 
springs, or as low as possible. 

The practice subsequently fell into disrepute, as it was 
found that the area of the back-water was itself soon silted up ; 
but the same engineer adopted the simple and efficient remedy 
of dividing the back water into two separate areas by a second 
bank at or about perpendicular to the first mentioned, and by 
occasionally using one of these to cleanse the other, they were 
both, as well as the harbour itself, kept clear. Kamsgate and 
Dover are well-known examples (vide Smeaton's Reports and 
Sir J. Rennie on Harbours) ; from which last-mentioned work 
we take an example from the description of Hartlepool Har- 
bour, on the coast of Durham. 

Each sluice was 3 feet wide and 6.33 feet high, having a 
charge estimated at 10 ft. on the average. From the detailed 
plans of these works given by Sir J. Rennie, we may consider 
the coefficient 0.600 applicable ; hence — 

0.600 X 3 X 6.33 X 8.024 X vio = 289.14 cb. ft. per sec. 

is the discharge for each sluice ; and as it is also stated 
that the total area of the scouring sluices was 366 sq.^ft., of 
which 24 sq.ft. were given by four sluices, each 3 ft. by 2, in the 
lock-gates, which communicated with the back water or slake, 
we have 342 sq. ft. left for those through the embankment ; 
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and each of these being 3 x 6.33 » 19 sq. fib., we have their 
number 18, i. e., 342 -^ 19; and the discharge for one being 
289.14cb.fl., the total discharge is 18 x 289.14= 5204.52 cb. ft. 
per sec, or 312,271 cb. fl. per minute. Now the back-water 
containing 15,420,000 cb. fl., it could be discharged in about 
50 minutes (15420000 ^312271). It is essential that the 
back-water should be discharged rapidly before the rising tide 
diminishes the force of the artificial scouring action. 

(x.) The widely different statements as to the efficiency of 
hydraulic engines as prime movers, some being asserted to 
^ve as high as 80, and others 60 per cent, of the power used, 
may in some cases, perhaps, be traced to a false estimate of the 
quantity of water discharged upon the-»prime mover used ; 
for unless this be actually gauged, it must be calculated, and 
some coefficient used. In the case of undershot wheels with 
sloping sluices, as in Poncelet wheels, the bottom and sides 
being in continuation of the channel of supply, the coefficient is 
0.74 when the sluice is inclined i base to 2 height, and 0.80 
when I to i (Claudel, Aide Memoire, p. 78, § 100). If we had 
taken it 0.62, and with a six feet fall, the sluice being sup- 
posed 6 ft. wide and raised i ft., we have — 

0.62 X 6 X 8.024 X *y 6 = 73 cb. fl. ; 

and had the modulus of the machine been calculated to be 
80 per cent, from this discharge, it would, in reality, be but 
67 per cent, found by the proportion 0.74 : 0.62 : : 80 : 67. 

(xi.) If the modulus of a water-wheel be estimated at 88 
per cent., with a coefficient of discharge of 0.65, the wlieel 
being 7 ft. broad, and the sluice, which slopes at i to i, raised 
0.75 ft., the head being 5.5 fl. : required the true modulus. 

Here 0.65 x 0.75 x 7 x 8.024 x 1/5.5 =Q=64.2cb.ft. ; hence 
(as 0.80 -0.65 = 0.15), Q(i +0.15): 64.2 :: 88 : 76. 5 6 per cent,, 
the true discharge on the wheel being 73.8, 1. e. 64.2 x 1.15. 

(xii.) Determination of the relative level in two vessels com' 
municatinff by a submerged orifice, — Let a vessel or cistern, 
A (Fig. 30) receive a constant supply of water, and discharge 
it into another vessel, B, through the submerged orifice a, 
which finally discharges into the air freely : the orifice at b 
is i.o feet horizontal by 0.2 feet vertical, and the charge H 
upon the centre 1.25, the coefficient being taken equal to 
0.62; hence we find the discharge 0.62 x 8.024 xo.2 x i.i 18 
= 1. 1 1238 cubic feet per second, which must be equal to the 
constant supply received by A, and transmitted by it through 
the orifice a to B. Now this orifice is 0.8 feet by o.i foot, 

N 
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being a sluice 0.8 feet wide, and raised o.i feet, — capable, 
however, of being raised to 0.5 feet ; and hence the charge 
upon it, which must be reckoned from the surface of B, is 

equal to ( . '''" - 5 ) = 7.806 feet: and — as we should 

^ \ 0.62 X 8.024x0.08 y ' ' 

expect—- the square roots of these charges are inversely pro- 
portional to the areas of the orifices; that is, 2.794 : 1.118 
: : 0.2 : o.o8. 

Hence, if we suppose the constant supply to be so in- 
creased as to raise the surface of the water in A one foot 
above its level in the last case, we may determine the corre- 
sponding rise in B, and also the additional quantity that has 
been supplied. Th^ total vertical height above the centre of 
b is now T.25 + 7.806 + I = 10.056, which number has to be 
divided into parts whose square roots have the ratiQ»o.2 to 
0.08, that is, of the areas of the orifices. Now (0.2)' : (0.08)' 
being as 4.00 to 0.64, we have — 

^ z- -^ 10.056x0.64 _ 

4.64 : 0.64 : : 10.056 : — 7^^- — ^= 1-387 

for the one part, i. e., the surface of B above i, and 10.056 
- 1 .387 = 8.669 for the other, that is, of the surface of A above 
that 01 B, and the quantity received in A is now 1.172 cubic 
feet per second. The actual rise of i foot in A corresponded, 
therefore, to one of (1.3 87- 1.25=) 0.137 feet in B. If we had 
supposed the surface of A lowered i foot, then we find that B 
descends o. 138811., and the constant supply is now 1.05 cubic 
feet per second. Hence the total range of j3 is only 0.277 ^®^* 
for the corresponding change of 2 feet in A ; a result which 
points out the value of the second or lower regulating cham- 
ber in insuring a nearly constant head on the other orifice 6, 
and consequently a discharge also nearly constant, though 
the really eflTective head in A may vary considerably : a very 
important application is described in Examples xxiii., xxiv. 
(xiii.) The time of filling a lock on a navigable canal 
(Fig. 31) consists of two distinct intervals: one, the time of 
filling up to the centre of the sluices ; the second, that of rais- 
ing the surface up to the level of the upper reach. The length 
of a lock being 1 15. i ft., and breadth 30.44 ft., the horizontal 
area is 3503.6 square feet, and the vertical depth from centre 
of sluice to lower reach 1.0763 feet, the charge being 6.3945 
feet ; hence, the cubic content of the lower portion, that is, 
the value of Q', is 377 1 cubic feet ; the area of the two sluices 
2 X 6.766 sq. feet = 13 53 2 sq. feet; and the charge on centre, 



PRACTICAL APPLICATIONS. 9 1 

as above, 6.3945 feet; and the value of m, assumed by D'Au- 
buissoD, is 0.548 ft From some experiments on the Canal of 
Languedoc, it was found that when two sluices were opened in 
the gates, the discharge was not double that given when onlj 
one was used : it was found, in fact, to be about an eighth part 
less, which reduces m from 0.625 (§ ^4) ^^ 0.548. We have 
therefore — 

iw.5.\/2<7*V^H 0.548x13.532 X 8.024 x%/6.3045 

98. Determination 0/ the charge necessary to give cr certain 
quantity with a given value of 5.— To determine the head 
necessary to give a certain discharge, we have but to solve 
Q = mS \/2^ \/H for H ; and hence — 

S— V-H. 
jnSV^g) 

(xiv.) Kequired the head necessary to give 785 283 cb. ft. 
per sec. through an orifice 0.5 feet square, m being equal to 
0.625. Here — 

or 2 (log. 7.85283 -log. i.24i75) = log. H; that is, — 
2 (0.8950245 - 0.0940167) = 1.6020 1 56 = log. of 40. 

If the orifice had been 0.75 feet square, determine the 
charge necessary to give the same discharge as in the last ex- 
ample, namely, 7.85283 cubic feet per second. Here — 

and 

2 log. 2.7837 « 2 (0.4446224) = 0.8892448, 
giving 

11 = 7.748984 feet. 

What additional head would each orifice require to dis- 
charge 10 cubic feet per second, the coefiScient remaining 
0.625 ? 

Here 7.85283 : 10 : : ^40 : ^|^^ =log. 63.24 - log. 7.8528 

(« 1.8009919 -0.8950245) = 0.9059674 = log. of 8.053, which 
is the square root of the charge required, whose value is there- 
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fore 64.85 fl., and, deducting 40, we have the increase of head 
equal to 24.85 feet. 

r I 2*7 8^*7 

And, 7.85283 : 10 : : a/7.748984 : ^f;^^ = log- 27.837 

- log* 7-85283 (= 1.4446224 - 0.8950245) = 0-549S979 == log. 
of 3.5448, which is the square root of the charge sought, 

2 X 0.5495979 = 1.0991958 =log. of 12.575, from which de- 
ducting 7.748984, we have the additional head in this equal 
to 4.826 feet. 

(xv.) Calculate the head that is equivalent to the difference 
between the coefficients 0.600 and 0.950 ; that is, having the 
discharge under certain data, with m = 0.950 ; determine what 
additional head would be required to ^ve the same discharge 
when m = 0.600. Thus, let the charge on the centre be 8.55 
feet, the orifice circular and 0.045 ^^^^ diameter, and so nearly 
the form of the vena contractu that the coe£Scient rises to 
0.950 ; we have therefore — 

aS = (0.045)* X 0.7854 = 0.00159, also \/8.55 = 2.924, 

and Q = o.95 x 0.00159 ^ B.024 x 2.924 = 0.03544 cb. ft., and 
the head necessary to give this discharge with m = 0.6 is 

found (as mS\/2^ = o.6 x 0.00159 x 8.024 = 0.007655) by — 
l^^it^ (^5494937 - 38839452) X 2 = 1.331097 

= log. 21.43 feet. 

Thus 21.43 - 8.55 » 12.88 feet is the additional head or pres- 
sure required to discharge the same volume of water through 
the orifice in a thin plate that was discharged with 8.55 feet 
pressure through an orifice nearly of the true form. Thus, the 
accelerating force due to this form, when compared with the 
thin plate, is measured by a pressure equal to more than one- 
third of the weight of the atmosphere. 

99. Results of the suppression of the contraction on part of 
the perimeter, §§ 25 ^^ 26. — A sluice 3 feet square, and with a 
charge on the centre of 12 feet, has, from the thickness of the 
frame, the contraction suppressed on all sides when fully open ; 
but when partially opened, the contraction exists on the upper 
edge, that is, against the bottom of the gate, which is formed 
of a thin plate of metal. Required the discharge when opened 
I foot, 2 feet, and fully opened. 
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(xvi.) When opened i foot high, the total perimeter is 8 ft., 
and the part on which the contraction is suppressed is 5 feet : 
hence— 

^ = i 
P 8- 

Hence, from the formula (§ 26) — 

m being o.6o8, we have for the discharge — 

0.608 X 3 X 8.024 ^ V 'sf * ^ ^-^S^f )* 57*77 cb. ft. 

per second ; the two last factors being 3.605 and 1.095. 

When opened 2 feet high, the total perimeter is 10 feet, and 
the contraction suppressed on 7 feet ; so that — 



m 



and — 



p 10' 



O.IC2 X — = 0.106, 
^ 10 



also \/H = \/i2.5 = 3-5355- Hence the discharge in this case 
is 0.608 X 6 X 8.024 ^ 3-53S5 ^ i«io6 = 114.45 cubic feet per 
second. 

When the sluice is fully opened, the total perimeter is 

12 feet and — = i ; so that the discharge is — 
P 

0.068 X 8.024 ^9^ 3-464 X 1.152= 175.9 cb. ft. per sec. 

TOO. Questions upon §§ 44 to ^2iformul(B - ml H*/ HV 2g 

and --ml \^ 2ff {H y/ H-h vh) « Q. — We derive from Cap- 
tain Baird Smith's work on '' Italian Irrigation" many ex- 
amples whose solution is given by the formulaa in these sec- 
tions. It appears in the irrigated districts to be a matter 
of great importance to determine both a unit of volume of 
water, and also some means of measuring it so as to regulate 
the due supply to each proprietor, that, on the one hand, the 
Government, or individuals having the ownership or manage- 
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ment of the canals of irrigation, may not be defrauded ; nor, 
on the other, the proprietors of the land to be irrigated suffer 
any injustice. Many very different units are found in use at 
present. In the earlier periods of the construction of these ca- 
nals, a fixed area of orifice, opened in the side of the canal, was 
alone used, without any reference to the head or charge under 
which the water issued : to this was subsequently added the 
condition of a fixed charge as well as a fixed area, but without 
any mechanical arrangements for insuring this constant pres- 
sure, which, from the continual variations in the level of the 
surface of the water in the canal, was absolutely requisite ; 
however, unless the excess or deficiency complained of was 
more than the eighth part of the total volume specified in the 
grant, no complaint was admitted. A very simple and beau- 
tiful contrivance, founded on the effect of the double cistern 
on the discharge (§ 97 (xii.)), and described below, is now, 
however, in use on many of these works of irrigation, which 
meets this difficulty, sufficiently, at least, for practical purposes, 
loi. Taking these different measures or units in the order 
of date, as nearly as possible, it appears that on the Canal of 
Caluso the unit called ntote^ or wheel, was defined to be the 
quantity passing through an opening whose area is i foot 
square, — this foot being equal to 1.6702 feet lineal English, — 
the upper edge of the outlet being what is locally termed a 
fior di acqua, or level with the surfiice of the canal or reser- 
voir, the discharge hence taking place imder no pressure. The 
volume discharged by the ruoia is estimated by the Piedmon- 
tese engineers at j 2.05 cubic feet English per second ; but ob- 
vious sources of error and discrepancy arise from the reference 
being solely to the superficial area : first, on theoretical consi- 
derations ; and secondly, on practical. For we may evidently 
have a number of orifices with very different discharges and 
figures, all fulfilling the condition of a constant area. The 
Piedmontese foot being divided into 1 2 inches, the value of an 
inch is 1.6702 English inches. The following short Table, 
limited to whole numbers of inches, will illustrate this point 
(all in Piedmontese inches) : — 

Linear dimensions applicable to a Kuote. 

Height J7. Breadth I. Conatant area. Perimeters. Ratio of Bides. 



I. 


12 


X 


12 


8 


144 . . 


. . 48 ... 


I : I 


2. 


16 


X 


9 


=5 


144 . . 


. . 50 ... 


X : 0.5625 


3- 


18 


X 


8 


^ 


144 . ^ 


. . 5a ... 


I . 0.444' 


4- 


36 


X 


4 


= 


144 . . 


. . 80 ... 


X : o.xxx' 


5- 


48 


X 


3 


= 


144 . . 


. . 102 . . . 


I : 0.062 


6. 


7* 


X 


2 


= 


144 . . 


. . 148 ... 


I : 0.0277 
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On examining this Table, we see the heights vary from i 
to 6, and the penmeters from i to 3, the area remaining con- 
stant. Many outlets are instanced, showing that this unit was 
actually used with a great variety of figure in many grants of 
water. But, secondly, a practical objection against any mea- 
sure whose outlet is level with the supplying surface arises 
ftom the fact, that this surface is always changing, not only 
from the variations in the level of the river supplying the car 
nal, but from the hoiurly changes in the demand for water 
from the canal by the various land-owners alon^ its length. 

(xvii.) Calculate the discharge which would be given by 
Nos. I, 3, 5, and 6, of the above Table, — m being taken equal 
to 0.62, the foot being 1.6702 feet English, we have f x 0.62 
X 8.024 B 3*3 159 and I x if - 2.789 sq. ft. common to each ; and 
thus — 

For No. I, we have 3.315 x 2.789 x \/ 1^6702 = 12.00 cb. ft. 
„ No. 3, „ 3.315 x 2.789 X v/ 2.505 = 14.63 „ 
„ No. 5, „ 3.315 X 2.789 X v^ 6.68o 8 « 23.90 „ 
„ No. 6, „ 3-315 ^ ^•789 X v^io.o2 = 29.26 „ 



Or generally, the discharge varying as l.H. v/^ and I . H 
being constant, it is evident that it increases as V^H; so that, 
by increasing the depth indefinitely at the expense of the 
width /, we increase the discharge. Thus, let H^i6^ the 

log. of ^mlH V ig, that is, of (3-315 x 2.789 -) 9.2455 being 
0.0659304, we must add to it half the log. of H for the log. 
of the discbarge : half the log. of 16 is 0.6020600, and adding, 
we have 1.5679904 = log. of 36.982 cb. ft. 

102. Questions on the formula ^ml \/ ig .{H \/ H - h \/A) 
= Q, the Italian dimensions being all reduced to English mea- 
sures. 

(xviii.) Ignazio Michellotti having determined to modify 
the mode of measuring a ruote introduced by his father, 
F. D. Michellotti, which had the upper edge level with the 
surface of the supplying canal, and was estimated to give a 
discharge equal to 1 1.83 cb. ft. per sec, defined the uncia or 
inch of water to be that flowing through an orifice 0.5567 feet 
high, 0.41755 ft. wide, and having a pressure on the upper 
edge of 0.5567 ft. This he supposed would give the twelfth 
part of 1 1.832 cb. ft., or 0.986. Calculate its true value : m 
being 0.600, we have then fl"= 0.5567 + 0.5567 = i.i 134 feet, 
and /a 0.41755 feet. Ans. 1.02 cb. ft. 
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(xix.) The measure used on the Canal Lodi was defined 
to be 1. 1 2 ft. by 0.12416'ft. wide, with a charge on the upper 
edge 0.32 ft., and these dimensions were supposed to give 
0.77 cb. ft. per sec. Here £r« 1.12 + 0.32 = 1.44 ft., and 
Z=o.i24i6'ft. Ans. 0.6165 cb. ft. per sec. 

(xx.) That used on the canal of Cremona was 1.3 18 16' ft. 
high by 0.13 1 ft. wide, having a head also 0.13 1 ft., and esti- 
mated to discharge 0.88 cb. ft. Hence — 

f 0.6x0.131 (1.449 v/i.449-o.i3i\/o.i3i)8.o24 = o.7i5cb.ft. 

(xxi.) That of Crema was 1.276 ft. high, 0.1275 ^^' wide, 
a charge of 0.255 ft. : calculate the discharge. 

Ans. 0.7225 cb. ft. per sec. 

(xxii.) The Sardinian Civil Code determines the unit in 
which all grants of water should be expressed thus : — " The 
measure or modulo (Fig. 32) is that quantity of water which, 
under simple pressure, and with a free fall, issues from a rect- 
angular quadrilateral opening, so placed that two of its sides 
shall be vertical, having a breadth of 0.6562 ft. (English mea- 
sure), and a height also of 0.6562 ft. It shall be opened in a 
thin wall (or phite^parete), against which the water stands, with 
its upper surface perfectly free, at a constant height of i .3 1 24 ft. 
(= 2 X 0.6562) above the lower edge of the outlet." It is re- 
quired to calculate the value of this unit in cubic feet per second. 
We have therefore /= 0.6562, and H and A, being 1.3 124 and 
0.6562 respectively — 

f X0.6 X 0.6562 (i.3i24\/i.3i24 -0.6562 \/ 0.6^62) 8.024 

= 2.046 cb. ft. per sec. 

When grants are made for more than one module^ the only 
dimension which varies is the breadth of the outlet, the height 
and pressure remaining in all cases invariable; two modules 
would have a breadth of outlet of i .3 1 24 ft., three would have 
1.9686 ft., and so on. 

103. Description of a Piedmoniese outlet (" Italian Irriga- 
tion," pp. 21, 22, vol. ii.). — " AB (Fig. 33) is the transverse 
section of the supplying canal ; the first part of the measuring 
apparatus is the sluice, which consists of masonry, side walls, 
and a gate of wood, working vertically. The dimensions of 
this primary outlet are not rigidly fixed, its object beingmerely 
to admit a larger or smaller supply into the chamber Cl). The 
sluice is established in the bank of the canal, at such point as 
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may be fixed upon by the canal authorities, or most convenient 
for the land-owner. Its sill is sometimes on the same level as 
the canal bed, sometimes above it, and very frequently as re- 
presented in the diagram. There is a fall in front of the outlet, 
so as to draw the water towards it. For a length of firom 40 
to 50 feet from the sluice, the bed of the channel is made per- 
fectly horizontal, paved with masonry or cut stone, the upper 
surface of which is on the same level as the sill of the sluice. 
At a distance from the outlet, ranging from 16 to 32 feet, is 
fixed the partition or slab of stone c d^ in which the regulating 
or measuring outlet efu cut, the height of which is fixed at 
0.56 fb., while the breadth varies with the number of units or 
inches to be given, each inch being represented by 0.42 ft. of 
breadth. The lower edge of the measuring outlet is ordinarily 
placed at 0.819 feet above the level of the flooring of the cham- 
ber CD. A small return cut in the inner face of the slab, at a 
height of 0.28 ft. above the upper edge of the outlet, indicates 
the constant level of the water necessary to insure the estab- 
lished pressure. This height is maintained by the raising or 
lowering, as may be requisite, of the sluice at the entrance of 
the chamber. 

(xxiii.) Calculate the value of a grant of three inches of 
water from this structure. We have H= 0.56 + 0.28 = 0.84 ; 
hence — 

3 x|xo.6 X 0.42 X (0.84 v/0.84 -0.28 \/o.28) 8.024 

= 2.5 14 cb- ft. per sec. 

104. Description of the modulo magistrals of Milan. — This 
module, as applied upon the NavigUo Grande, which, in a 
course of 3 1 miles from its head on the River Ticino to the 
city of Milan, distributes 1851 cb. ft. per second, is in its prin- 
ciple identical with that already described (§ 103). For the 
interesting history of this canal, and the gradual improvements 
in the management of the grants of water, we refer to ** Italian 
Irrigation," vol. i. pp. 203, 228 ; vol. ii. pp. 36, 56. The ho- 
nour of the discovery is due to Soldati, of Milan, about the year 
icyi, who invented it in answer to an invitation from the ma- 
gistracy of that city to architects and engineers to design a 
measuring apparatus. 

The unit fixed upon, called the oncia magistrale^ had tfie 
following dimensions (Fig. 34) : — Height, 0-655 ft. ; breadth, 
0.3426' ft. ; with a constant pressure of 0.32944 ft. above the 
upper edge of the outlet. When one outlet is designed for the 
discharge of several water-inches, the breadth only varies, in the 

o 
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Eroportion of 0.3426' ft. for each additional water-inch, the 
eight and pressure remaining constant, as in Fig. 35, which 
shows an outlet for six water-inches. The outlet is cut with 
care in a single slab of stone. To preserve it from being tam- 
pered with, an iron rim is fixed upon it, of the exact dimensions 
corresponding to the discharge. They ought invariably to be 
cut in a simple plate, with no arrangement of any kind to in- 
crease the volume beyond that due to pressure alone. The 
thickness of the slab varies somewhat with the dimensions of 
the outlet ; but in a rigidly exact module this dimension should 
be fixed as well as all the others. These are the conditions 
applicable to the measuring outlets, the discharge from which 
is — 

I X 0.6 X 0.34266' (0.98444 v/o.98444 

- 0.3 2944\/o.3 2944) 8.024 = 0.866 cb. ft. 

To illustrate the other arrangements of the modulo^ the plan 
and section (Figs. 36 and 37) are given from the same work. 
The sluice AB (Fig. 36) is placed on the bank of the canal 
of supply, with the sill CD (Fig. 37) on the same level as the 
bottom of this canal. It is formed of two side-walls or cheeks, 
of good masonry, in brick or stone, with a flooring generally 
of the latter material. To prevent erosive action, the bed of 
the canal, for such distance as the force of the current may 
render necessary, is paved with slabs of stone or boulders, 
both above and below the head. The sluice-gate is usually 
made of the same breadth as that of the measuring orifice GH 
(Fig. 37), while its height is regulated by that of the sluice 
itself. The sluice-gate or paratoja IK (Fig. 37) works in 
grooves, and is fitted with a rack and lever, by which it can 
be readily raised or depressed at pleasure. As the surface 
level of the canals of the Milanese varies comparatively little, 
the upright of the sluice has a small catch in iron or wood at- 
tached to it, by which it is kept at a fixed height, coiTCspond- 
ing to the requisite pressure on the original orifice GH 
(Fig. 37). This little catch is locally termed the ffatello ; and 
as it is provided with a lock and key, the latter of which is in- 
trusted to the guardian of the canal, the proprietor of the 
water-course supplied through the module is supposed to be 
restricted to his legitimate supply, and probably is so within 
reasonable limits, provided always that the guardian is incor- 
ruptible. In the rear of the sluice-gate, at the head, is placed 
the first chamber LM (Figs. 36 and 37), called the tromba 
coperta^ or covered chamber. Its length is equal to very 
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nearly 20 feet, with a breadth varyiDg according to the size 
K)f the head-sluice, which it exceeds by the fixed quantity of 
0.82 il* on each side, or j .64 on the entire breadth. The bottom 
of the covered chamber DH (Fig. 37) is formed with a slope 
to the rere, the height Hh being 1.3 125 fl. English : its object 
is to diminish the velocity with which the water reaches the 
measuring outlet GH. Further to assist in effecting this ob- 
ject, the perfect modulo is provided with a horizontal top of 
stone slabs or planks, called the cielo morte^ the under su^ace 
of which is at precisely the same height as the water ought to 
have over the outlet &H, so as to secure the fixed discharge, 
that is, 0.32944 ft. above the upper edge of GH. It is found 
that this does reduce the irregular motion of the water, and so 
tends to secure the great object of the modulo^ that the dis- 
charge take place under simple pressure, and without antece- 
dent velocity. To admit of ready inspection of the height of 
the water within the covered chamber, the following arrange- 
ments are made : — The entrance to the chamber is covered 
with a stone slab of convenient thickness, shown in section at 
E (Fig. 37), the lower surface of which is precisely on the 
same level as the upper edge of the outlet GH. The height 
of the slope HA being 1.312c ft., and that of the outlet GH 
being 0.655, ^^ surface of the slab at E should be 1.9675' ft. 
above the sill of the head CD. An open groove LD is made 
in the masonry, large enough to admit a graduated rod or 
measure ; and when the water stands at a height of — 

(1.9675'+ 0.3234=) 2.297 ft. 

above the sill at D, it is known that the proper head of pres- 
sure exists at GH. As it is found to be greater or less, the 
sluice is depressed or raised, so as to adjust the pressure to the 
fixed standard. The slab of stone in which the measuring 
outlet is cut being fixed at GH (Figs. 36 and 37), immediately 
in rere of it there is placed the tromba scoperta^ or open cham- 
ber. Its breadth at N (Fig. 36) is two local inches (0.3275 ft. 
English), greater on each side that that of the measuring 
outlet, or on both sides 0.6550 ft. Its total length NO is very 
nearly 17.75 ft. English. Its side- walls, which are perpendi- 
cular, like those of the covered chamber, have a splay out- 
wards, so that the breadth at O is 0.9825 ft. greater than at N, 
or 1.3 1 ft. in excess of that of the regulating outlet GH, being 
the same as that of the covered chamber throughout. To 
Insure the free run of the water from GH, the flooring of the 
open chamber has a drop ot fall of 0.1633 ft. at H, and an equal 
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quantity distributed uniformly between H and O (Fig. 37). 
There is therefore a total fall from the under edge of the mea- 
suring outlet to the end of the open chamber of 0*3275 ft., or, 
as the length is 17.72 ft., of 1 in 54. When the water reaches 
O, it enters the chaimel of distribution for the use of the con- 
sumers : generally the point O, and the bed of the channel, 
which is carried on at the usual inclination, are upon the same 
level, but sometimes there is a fall. 

105. From the preceding details, it appears that the modulo 
magistraU has a total length of nearly 37.7$ ft. English, and 
a breadth variable according to the quantity of water it is 
intended to measure. If a single water-inch, for instance, 
be granted, the breadth of the covered chamber would be 
2.12835 feet, and that of the open chamber i.i4583;feetatits 
upper, and 2. 1 2835 at its lower extremity. The flooring of the 
former rises 1.3 1 ft. to the rere, while that of the latter falls 
0.3275 ft. in the same direction. It is essential to the effective 
operation of the regulating sluice in the modulo moffistrale 
that there should be a difference of level between the water in 
the canal and in the apparatus of at least 0.655 ft. ; and as the 
height of water in the latter must be 2.297 ft., the depth of 
water in the canal of supply must necessarily be not less than 
the sum of these numbers, or 2.952 ft., very nearly 3 ft. 

It is curious to reflect that this apparatus was invented em- 
pirically by Soldati, in 1 57 1 , so many years before the discovery 
of the Toricellian theorem, which must be placed in the year 
1643, when that philosopher showed that the velocity of run- 
ning water was identical with that of falling bodies, the foun- 
dation of all our knowledge of Hydraulics. This is not the 
only instance in which the practical sagacity of the engineer 
has anticipated the discoveries of theory. 

Two essential objects are fulfilled by the arrangements just 
detailed : — ist. To maintain on the measuring outlet a con- 
stant pressure ; and 2nd. To make this pressure as much as 
possible tha sole force influencing the discharge, that is, that 
the water have no velocity antecedently. The first is secured by 
the mechanical arrangements at the head, — the sluice with 
its rack, lever, &c., and to a certain extent the cielo morte. By 
raising or lowering this sluice the level of the water in the co- 
vered chamber is maintained, independent of the variations in 
the surface of the external canal. The second by the interior 
arrangements, — the covered chamber with its fixed top, and 
floor sloping up to the outlet ; while the free passage of the 
water is secured by the open chamber, with its small fall at 
the head and continued inclination at the bottom. 
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1 06. The differences in the estimates of the quantity of water 
discharged by the modulo magistrale^ as given by different 
Italian engineers, are very remarkable, considering the great 
attention that has been paid to the theory and practice of Hy- 
draulics in that country. De Kegi gives it as 1.42 cb.ft. per 
sec. ; Breschetti states the average result of experiments on the 
Muzza Canal to give 1.57 cb. ft. per sec. ; Mazzeri estimates it 
as low as 1 .2 1 cb. fb. ; Brunacci at i .46 ; while the Department 
of Public Works in Lombardy considers it equal to i .64 cb. ft. 
per sec. The extremes, we see, are i .2 1 and i .64 cb. ft. per sec, 
— a difference of 0.43 cb. ft., between a third and fourth of the 
total discharge. Captain Smith accounts for this great difference 
by stating — " That the estimate of the Government is founded 
on the experience of the results on the great canals, where the 
outlets are almost uniformly of large dimensions" (pp. 222, 223, 
vol. i.). Now it is certain that, all other circumstances being 
alike, the quantities of water discharged from large are pro- 
portionally greater than those discharged from small outlets. 
Hence the orijcia magistrdley as determined by experiments 
with the former, has a decidedly higher value than when de- 
termined by the latter. 

. The cause of this is clear. To give a discharge of, say, six wa- 
ter-inches, the breadth of the outlet is made six times that for 
one inch, the height and the pressure remaining in both cases the 
same. The proportion between the sectional area and perime- 
ter of the outlets becomes, however, materially altered, and the 
influence of the perimeter in effecting the contraction of the 
vein diminishes gradually as the size of the outlet increases ; 
and in a similar proportion the discharge becomes greater. To 
elucidate this, it may be remarked, that in an outlet for one 
oncia magistrale the ratio of the section to the perimeter is as 
I to 23.33; for two, as I to 16.66 ; for four, as i to 13.33 ; 
for eight, as i to 11. 66 ; for ten, as i to 11.33, or about half 
what it is for one onda; for twenty oncia^ as i to 10.66, and 
so on ; and there are real differences of discharge due to the 
variable ratios now given. 

Very serious pecuniary loss may consequently be the re- 
sult to the proprietors of the canal or the consumers of the 
water. It appears (vol. i. pp. 226, 227) that for summer irri- 
gation each cubic foot per second is capable of irrigating 61.8 
acres, and that the annual rent of this quantity, summer and 
winter, is £13 55. ; the difference of 0.43 cb. ft. between the 
highest and lowest estimate of the discharge of the modulo ma- 
gistrale is worth £5 135., and would irrigate 26 acres at the 
above rate. 
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The recognition of the differences between the discharges 
of large and small outlets was very early made in Lombardy. 
In the module of Cremona, invented in 15619 no single outlet 
was allowed to exceed 1.3 1 high by 3.18 oroad, equal to about 
12 or 13 water-inches. In the Milanese single outlets have 
been restricted for nearly three centuries and a half to dis- 
charges of from 9 to 1 2 once. In Piedmont they have been more 
careful, and have there limited single outlets to 6 oncej which, 
by general consent, seems to be the most approved size for 
diminishing to the utmost the error due to the inequality of 
discharges from large and small openings. For practical pur- 
poses, therefore, and taking the mean of the various estimates 
of the value of the oncia magistrale just adverted to, it may be 
considered as equal to very nearly i^ cb. ft. per sec. 

1 07 . Another mode of insuring a constant discharge through 
an orifice having a charge subject to variation has been brought 
into use by the late Mr. Thom, an hydraulic engineer of great 
eminence. It attains this object by mechanical means chiefly, 
^igs* 38 and 39, taken from the description of the Qorbius 
Waterworks, near Glasgow (Practical Mechanics' Journal, 
August, 1848)9 will serve to explain this method. Fig. 40 
represents a transverse section of the embankment of the re- 
servoir. L, L is the level of the surface of the impounded 
water, and /, Z, that of the receiving basin below, supplied from 
the reservoir by a pipe through the base of the embankment. 
Now should the quantity drawn off by the town or mill to be 
supplied increase, then the level of the surfece /, / will descend ; 
and the regulating apparatus must be of such construction that 
it may permit a larger quantity to pass through the pipe, and 
vice versd. 

Again, if the level of Z, / should remain constant, and, from 
an increased or diminished supply, that of the reservoir L, L 
rise or fall, then this apparatus should be so constructed as to 
adjust the orifice of the discharging main pipe that it deliver 
only that constant quantity carried off from the receiving basin, 
and needed for the works. 

Fig. 38 gives a longitudinal section of the detail of the re- 
gulator : ^ is a movable cast-iron cylinder or float attached at 
top to a chain passing over the pulley or wheel «, and sur- 
rounded by a fixed cylinder of a diameter slightly larger, con- 
taining water, and represented in section at e. The other end 
of this chain is fixed to the bent lever 6, working freely on a 
stud carried by two cast-iron brackets screwed to the extremity 
of the pipe which passes through the base of the embankment 
of the reservoir, and terminates in a square mouth-piece, faced 
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to receive a square hinged flap-valve, a, which is retained in 
any desired position by the lower and shorter arm of the bent 
lever, which works against the back of the valve by an anti- 
friction roller at v ; the inner cylinder must be loaded with 
weights sufficient to keep the flap- valve closed when the outer 
cylinder is quite empty. 

Now if we suppose the water in the outer cylinder e to 
stand at the level s s, the cast-iron float being immersed to a cer- 
tain depth below this surface, part of its weight, acting by the 
chain upon the bent lever 6, will press against the square flap- 
valve, and thus partly close the mouth of the main-pipe, re- 
stricting the discharge through it to the desired quantity. 
Suppose, then, that from any circumstances this discharge 
should become too small, and therefore the surface / / descend^ 
it will then be necessary that the self-acting apparatus should 
be such as to permit the valve to open, and therefore, also, the 
cast-iron float to rise, which it will do if the water-level in the 
outer cylinder be made to rise ; for then the cast-iron float be- 
comes specifically lighter, and presses with a less force upon the 
valve a, which immediately yields to the pressure of the water 
issuing through the discharge-pipe, and thus permits a greater 
quantity to escape. 

If, on the other hand, the quantity discharged had been too 
great, and thus the surface / / rise^ it will be necessary that the 
cast-iron float descend^ and thus press the flap-valve closer upon 
the square face of the discharge-pipe. This it will do if the 
water in the outer cylinder be made to fall ; for thus the float 
becomes specifically heavier, and sinks, closing the flap-valve 
a : so that we have to devise such mechanical arrangements 
that when the discharge is too small, the water surface in the 
cylinder e shall rise, and when too great that it shall descend. 

This is eflected in the following manner : — A small closed 
cistern, ^, is placed at the side of the portico of the entrance 
door of the building ; this is supplied with water by a horizon- 
tal pipe, r, in communication with the vertical pipe, A, placed 
on the discharging main for the escape of air, which would 
otherwise collect within it, and gi*eatly impede the discharge. 

In all cases of discharge of water through pipes, care must 
be taken that the- air which may collect be readily let off. — 
Vide Buck's Account of the Montgomeryshire Canal Lock ; 
Simms on Public Works of England, p. 8. 

The pipe, A, must necessarily be carried up the slope of 
the embankment, and communicate with the air above the 
level of the highest water in the reservoir. The cistern, ^, is 
thus kept constantly supplied with water, and a communica- 
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tion is formed between it and the bottom of the cylinder, e^ by 
the pipe, k. In the vertical part of this pipe are fixed two 
double-beat valves — described below — whose common spindle 
is fixed to the fioat n, placed in the receiving basin / /; now if 
the surface of the water upon which n rests should rise beyond 
the proper level, then this float, n, also rises, and, forcing 
up the spindle, closes up the upper or discharge valve from 
the cistern, ^, and, as the valves are fixed on one spindle, of 
course simultaneously opens the lower one, so that the water 
which buoys up the float J, in the cylinder e, begins to flow 
out, and the consequent depression of the surface s Sy causing 
d to descend, partially closes the flap- valve, a ; and therefore 
the surface I I begins to descend, and with it the float n, 
which consequently opens the valve which had shut off the 
water from the cistern ^, which, again receiving a supply, d, 
rises, and consequently the flap-valve opens, and thus very 
soon arrives at a nearly perfect equality between the supply 
and consumption of the water. 

In cases when the pressure upon a sluice is not great, the 
float n may be directly connected with the lever which works 
the sluice. Fig. 41 represents this simple apparatus: a, a is 
the transverse section of the conduit, in which the sluice b 
moves vertically, and is connected by an adjustable link with 
an oscillating beam c, jointed to the top of the short pillar d. 
The other extremity of this beam is similarly connected to a 
hollow wrought-iron float c, which is acted upon by the water 
whose surface is intended to be preserved at the same constant 
level, and the supply of which is derived from the conduit a ; 
if then the surface at e rise, the sluice is depressed, and the dis- 
charge by the conduit lessened, and vice versa. This arrange- 
ment is evidently only suited to an open conduit, in which no 
great pressure can be brought upon the sluice ; if applied to 
the mouth of a closed pipe with a great head of water pressing 
on it, the friction in the grooves of the sluice-frame would be 
so great as to require an enormous float e, and the action could 
not fail to be of an irregular character. 

The double-beat valve, invented by Homblower (vide Pole 
on the Cornish Engine, pp. 85-88), is represented fully opened 
in the transverse section in Fig. 42, and isometrically in Fig. 43. 
It is intended that the water or steam should pass from A to B 
when the valve is opened, and that the communic^ation between 
them be intercepted when it is shut. The shadings sloping to 
the lefr represent the movable parts ; those to the right indi- 
cate the fixed parts of the valve. The value of its peculiar 
construction may be best appreciated by considering the testa 
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of a good valve, which should, in the first place, evidently 
afford a large passage to the steam or water, with a small di^ 
placement ; and, secondly, should be capable of being opened 
with a small force. These conditions are admirably fulfilled 
in the double-beat valve, which consists of a fixed part or seat 
C, formed by five partitions, which radiate from a central axis, 
and are joined below to a ring, a, and closed on top by a cir- 
cular disc, in one piece with the partitions, and covering the 
spaces between them, and also by a movable part, D, the valve 

E roper, which is a sort of case surrounding the seat C, and 
aving a vertical motion, sliding up and down the exterior 
edges of the partitions in C ; this case is open on the top, and 
connected with its actuating rod n, by the arms r, r. 

When it is at the lowest point of its stroke, and shut, it 
bears upon the bevilled or conical surfaces a and a\ which 
have but a very small breadth ; when, on the contrary, it is 
raised, as in Fig. 42, it permits the passage of the water through 
the different openings shown by the bent arrows. It is evident 
that by this arrangement it is not necessary to raise the valve 
through any great height in order to afford a large passage to 
the water, thus satisfying the first test mentioned above ; on 
the other hand, the valve D, being pierced on its upper part 
by a circular opening nearly as great as that on the lower part, 
the force required to raise it is the excess of the pressure of 
the water or steam per square inch in A over that in B, mul* 
tiplied into the difference of of the circular areas above men- 
tioned, this difference being evidently the annulus formed by 
the sum of the horizontal projections of the upper and lower 
conical surfaces, a and a\ shown in Fig. 42, projected down 
from the transverse section. 

If this valve or case D had been a simple disc with be- 
villed edges, as in Fig. 44, we should have required to lift or 
start it a force equal to the excess of pressure in A over that 
in B, multiplied into the whole circular area of the top of the 
disc V, V ; and this would not only have to be provided by the 
prime mover, but a very greatly increased size and strength 
given to the rods, joints, &c., which actuate the valve. In a 
large disc valve, as, suppose, 1 2 inches diameter, the area being 
1 1 3. 1 sq. inches, and with an excess of pressure in A above 
that in B of 1 5 lbs. per square inch, it would require a force 
of 1696.5 lbs. to lift it. If in an equal double-beat valve 
each annulus was | inch broad in the horizontal projection, 
the sum of their areas would be (12' - 9*) x 0.7854 = 49.48 sq. 
inches ; thus the force required for the starting of such a double- 
beat valve b less than half that necessary for an equal disc- valve, 

p 
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being 49.48 x 15 = 742 lbs., or 954 lbs. in favour of the double- 
beat valve, and so in proportion for pressures other than 
15 lbs. 

In the particular case of the valves raised hj the float n, 
^^S' 3^9^^ ™^y ^^9 moreover, remarked, that the force neces- 
sary to raise them has to be applied but for a very short time, 
the instant it is raised, the pressure on each side is brought to 
a state nearly that of equilibrium ; the less, then, the resist- 
ance to the float at the moment of raising the valve is, the more 
sensitive it becoi&es to any alteration in the surface of the water 
in / /, with an absence of any irregular or jerking motion. 
The flap-valve a is consequenUy retained more steadily at its 
proper adjustment. 

The moderateur lamp affords a most ingenious example, 
though on a very small scale, of a constant flow of the oil, 
though the " head," or pressure, varies widely. The annular 
wick, or Argand burner, is placed on the upper part of the 
lamp, and is fed with oil from a cylinder which is placed at the 
lower part of it, and closed at the bottom. The oil is raised 
from this by the descent of a piston, forced down by the un- 
coiling of a spiral spring which is compressed in vrinding up 
the piston from the bottom of its course after the former time 
of use ; an ascending pipe, passing through this, conveys the 
oil up to the wick. Now, not only is the spring weaker as it 
expands with the descent of the piston, but the vertical height 
it has to raise the oil also increases : thus, if it were not for the 
contrivance about to be described, we should have the brilliancy 
of the light continually lessening as the rate of supply of oil 
to the wick diminished. This difficulty the celebrated James 
Watt did not quite surmount when he turned his attention to 
this subject (vide Life, pp. 462-465). 

Fig. 64 is a vertical section of a lamp at full size. The 
ascending pipe a, 6, c, d consists of two parts, one of which 
c d slides within the other. The inner and lower i^ fixed to the 
piston, which it passes through, rising with it, and descending 
also, under the action of the compressed spring. The upper, 
a ft, on the contrary, rests fixed, and serves as a sheath to the 
movable and lower, having a leather packing, shown at 6, on 
the interior suiface of which c d slides in descending with the 
piston. 

A straight wire, or rod, shown separately (Fig. 68), is 
placed concentrically within the ascending pipe c rf of a dia- 
meter but little less than it at its upper and thickest part, and 
long enough to enter the movable pipe c d when at its lowest 
position, as in Fig. 64, the lower part ; from 2; to n, Fig. 68, is 
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only a support. The oil in rising is compelled to pass through 
the narrow annular space, Fig. 66y between the interior of the 
movable pipe attached to the piston, and the rod (or modero" 
teur) ; from this it results that it meets with a resistance which 
causes its upward movement to be very slow. Now as the 
movable pipe and piston descend, the same length of the 
moderateur is not always engaged in the pipe : at first, when 
the spring is strongest, and the height that the oil has to rise 
is least, then also the annular passage is longest, and the re- 
sistance to the ascent of the oil greatest ; and again, when the 
piston has descended, and consequently the spring is weaker, 
and the height the oil has to be raised greater, so, also, the 
length of this annular space is less, and the resistance to the 
ascent of the oil diminished in proportion as the ascending 
force itself is diminished. By a tentative process in each parti- 
cular case, — filing a portion at the flat surfaces, Figs. 65, 66, — 
the needle is adjusted so as to give a uniform supply of oil, and 
make the lamp bum with equable light as long as the spring 
acts. This principle is evidently applicable to the discharge 
of water by simple modifications. 

108. Examples on Weirs, — Let us, as in p. 85, exhibit the 
effect, on the quantity discharged per second, of the different 
values of m, namely, 0.60, 0.665, ^^^ between 0.662 and 0.595. 
— Vide § 77, pp. 67-68. 

Thus, suppose an overfall of i ft. in width, having a depth 
of 1 fl. passing over : required the discharge in one second ; the 

formula - w/£f\/2yfl then becomes - x m x 8.024, or m x 5.35. 

1. m = (§ 64, p. 52) 0.60, value of Q = 3.21 cb. ft. 

2. m = (§ 64, p. 52) 0.665 „ = 3.558 

3. m = (§ 82, p. 72) 0.66654 „ = 3-566 

4. m «= (§ 64, p. 54) 0.595 », = 3-1 83 

In the following questions it is intended to show the 

effect of the function of the head or charge HV H^ which 
occurs in the formula for the discharge over weirs. A certain 
length is taken, and the discharge with a given head deter- 
mined, and then this discharge being increased by a ^ven 
?uantity (xxv.), the corresponding increase of -H is determined, 
n the same way, the discharge being doubled, it is sought 
(xxvi.) to determine the relative increase of the value of jfir. 

(xxiv.) Calculate the discharge over a weir 1 100 ft. long, 
the depth from the surface of still water to the crest of the 
weir being 0.75 ft., using 0.665 for the value of m, as given 
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in the second case, p. 107, we have 8.024 x - x 0.665 = 3.558, 

and as Vo.ys « 0.866. Hence 3.558 x iioo x 0.75 x 0.866 
* 2541.3 cb. ft. per sec. In Beardmore's Table 11. we find 
the discharge for i ft. of length of weir with 0.75 ft. head, 
138.88 cb. ft., and this multiplied by 1 100, gives 152,768; 
but as all his Tables are calculated for the discharge per mi- 
nute, dividing 152768 by 60, we obtain 2546.13, diflFering 
from that calculated above by 4-83 ; the coeflScient used by 
Beardmore being 0.6665 (§ ^^^ P 72)» giving 3.566, instead 
of 3.558 used above. 

(XXV.) To what height upon the crest would the water rise 
if the discharge was increased to 3000 cb. ft. per sec. ? We 
have from these data, 

3.557 X iioo\/-ff'= 3000. 
Hence 

being an increase of 0.837 - 0.75 = 0.087 ^'\ *^® increase of H 
being only 1 1.6 per cent., and that of Q being 1 7.9 per cent. 

The least laborious method of finding cube roots, when no 
table of logarithms is at hand, is the following: — Assume a 
number whose cube is nearly equal to the given number ; then, 
as twice this cube, plus the given number, is to twice the 
riven number, plus the assumed cube, so is the assumed root 
to the true ; in this case, for 4/ 0-587 first assume 0.8, which 

fives 0.512 ; secondly, assume 0.84, which gives 0.593. 
[ence 



2 X 0.593 + 0.587 : 2 X 0.587 + 0.593 : : 0.84 : : 0.837. 

And by logarithms we have log. of 0.587 = 1.768638 1, which, 
divided by 3, gives 3) 3^.7686381 

1.9228793 answering to 0.83728. 

(xxvi.) If the discharge in (xxiv.) had been doubled, cal- 
culate the depth of water flowing over the crest. The ave- 
rage discharge in (xxiv.) being doubled, gives (2 x 2544 =) 
5088 cb. ft. per second on a length of 11 00 ft. Hence 



\ 
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log. of 1 .6^ = 0.2278867, which, divided by 3, gives 0.0759622, 
answering to i . 1 9 1 3 1 ; deducting 0.7 5 , we have 0.44 ft. for the 
rise, to be added to the first supposed 0.75, in order to obtain 
a double discharge, so that, instead of i.$o, i. e. twice the ori- 
ginal head, we have but 1.19ft. on the crest of the weir for 
twice the original discharge ; it is, in fact, evident that 0.75 is 

multiplied by v^2' = 1.5866, instead of by 2. 

If the length of the weir in (xxiv.) had been reduced 
one-half, namely, to 550 ft., calculate the head to which the 
water would rise upon the crest, the discharge being the same, 
namely, 2544 cb. ft. per sec. We have now 

Q = 2544 = 3-558 >< 550 + ^^^' 
Hence 



^-(ifty- -'"^ 



(xxvii.) The construction of the weir atKillaloe(" Selec- 
tion of Specifications")has the peculiarity of not being level 
on part of the crest. The inclination being i in 214, and the 
rise 1 .5 ft., the length with that slope must be i .5 x 2 1 4 = 3 2 1 ft. ; 
we have therefore, as the weir is 1 100 ft. long, 779 ft. for the 
level portion, and 321 ft. at an inclination of i in 214. Cal- 
culate the total quantity discharged over this weir when the 
depth of water on the level part is i .8 ft., so as to have 0.3 ft. 
on the highest part of the crest at the west abutment. If then 
we divide this sloping part into eight lengths, of 40 ft. each, 
and calculate the discharge over each length with a head equal 
tp the arithmetic mean of the head at each extremity of the 
40 ft. lengths, the discharges will be sufficiently near the truth. 

The increase of depth on each 40 ft. is evidently — ft., equal 

to 0.1 869 1 ft., and as the depth over the highest point at the 
west abutment is, by the terms of the question, 0.3 ft., the mean 
depth for the first 40 ft. is 



o.'j + 0.2 -f 0.18601 „^ 

•" — ^ ^ ^^ = 0.393455 ft. ; 

to obtain the second, third, <&c., we have but to add to this 
successively 0.1 8691, and consequently obtain the following 
numbers:— 0.393, 0.580, 0.767, 0.954, 1.141, 1.328, 1.702, 
X.795; which, being multiplied by their respective square 
roots, give 0.2468, 0.442,0.672,0.932, 1.219, 1.530, 1.864, 
2.220. 
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Hence the eight several discharges through the 40 fl. 
lengths are found by multiplying the common part of the for- 
mula (§ 55) ^m, Z, HVR . Vig^ that is, 3.558 x 40 = 142.3 

into the values oiH>/ H given above, and, adding these, we 
have the total discharge over the sloping part of this weir 
1299 cb. ft. per sec. And for the length of 780 ft. of level 
crest with 1.8 ft. head, we have 6700 cb. ft. per sec. Hence 
the total discharge is 7999 cb. ft. per sec. As 8 x 40 = 320 ft., 
and the length of sloping portion is 321 ft., we must add one 
foot to 779, the length of the level portion. 

(xxviii.) In the weirs on the Shannon constructed by the 
Commissioners, it was requisite that salmon-gaps should be 
constructed, so that the fish be able to migrate up stream at 
the weirs during such periods as might not afford sufficient 
depth of water if the whole quantity were imiformly distri- 
buted over the total length of the weir. These were 10 feet 
wide, and the crest 1.5 ft. below that of the weir. Calculate 
the quantity flowing down three of these salmon-gaps, the 
water on the level part of the crest being 0.6 ft. deep. Here 

H- 1.5 + 0.6 = 2.1, and 

3Q = 3 X 3.558 X lox 2.1 V 21 = 324.8 cb. ft. 

(xxix.) A feeder or water-course along the side of a valley 
is required to be augmented by the streams and springs above 
its level. It is required to determine their total volume. For 
this purpose the several courses are dammed up at convenient 
and suitable places, and a narrow board provided, in which is 
cut an opening for the overfall i ft. long, and 0.5 feet deep ; it 
being reasonably surmised that this would be sufficient to 
gauge the largest of the streams ; and another piece was pre- 

f)ared that, when attached to the former, woidd reduce the 
ength to 0.5 ft. for the smaller. Calculate the total quantity 
delivered by the five following streams and springs : 

Ko. I, on being dammed up, flowed over the i ft. opening 
0.37 ft. deep. Hence Q = 3.558 ^ 0.37 V^37 = 0-8 cb. ft. 

No. 2, at 0.5 ft. in length of overfall, rose to 0.41 ft. in 
depth. Hence Q = 3-558 x 0.5 x 0.41 ^/ o./^\ = 0.467 cb. ft. per 
second. 

No. 3, at I ft. length, was 0.29 ft. high on the overfall, and 
Q = 3.558 X 0.29 V'o 29= 0.555 cb. ft. per sec. 
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N0.4, ato.5 in length, rose 0.19ft., 0.5 x 3.21X o.ipx/o.ip 
= 0.133 cb. ft. per sec. 

No. 5, being a small spring, was not measured by the over- 
fall ; but being banked up, a pipe, 0.0416ft. in diameter, was 
let through the dam, and when the surface had become sta- 
tionary, and consequently the discharge through the pipe equal 
to the supply from the spring, it was gauged into a vessel 
marked for i and 2, &c., imperial gallons ; the time required 
to reach the former was 32 seconds. Hence the spring gave 
0.005 cb. ft. per sec, as 6.25 gallons make one cubic foot. 

The total quantity, therefore, received by the aqueduct 
from the lateral springs and streams above its level amoimted 
to 1 .96 cb. ft. per second. 

(xxx.) On the Manchester water-works weirs are con- 
structed across some of the lateral mountain streams which 
supply the reservoirs, so that the higher velocity which the 
water has when flowing over at the greater depths may sepa- 
rate the turbid water, unfit for the town supply, from the clear. 
Figs. 45, 45a, and 456 give diagram transverse sections of this 
weir. In heavy or sudden rains these streams bring down very 
rapidly water discoloured by peat and earth, and unfit for 
domestic use ; but in fine weather the quantity is much re- 
duced, and the water clear and suitable for the mains of the 
town. Fig. 45 represents a transverse section of the water- 
course which is carried through the masonry of the weir, con- 
veying Clearwater from other streams, across the valley in which 
the weir is placed, and so serving as an aqueduct ; at the top 
this is open, as at m n, and when the water flows over at a 
small depth, that is, when it is clear, it falls into the channel, 
Fig. 45a, and is conveyed by it eventually into the main which 
supplies the town ; but if it rise and discharge a greater body 
of water, the increased velocity projects it beyond the edge of 
the opening, Fig. 456, audit thus passes over the longitudinal 
opening, and flows down to the compensation reservoir for the 
supply of water to the mills situated on the river. 

By referring to § 8, we find the means of calculating 
the curve of any issuing jet of water. But in this case we 
have a different velocity, and therefore a different parabola for 
every lamina into which we may suppose the water divided. 
Fig. 46a represents the different paths taken by each, that for 
the mean velocity at ^ths of the depth being drawn in a full line ; 
hence those above will tend to depress the curve, and those 
below, on the contrary, to carry it more up towards the horizon- 
tal line ; we may therefore suppose the whole sheet of water to 
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be carried out in a curve at top and bottom parallel to that of the 
mean velocity, Fig. 46. If therefore we put Hi for the depth of 
the water flowing over the weir, the mean velocity being f rds 

of that at the bottom, we have »« - x 8.024 x v Hi for this 
mean velocity, and the curve taken by the lowest lamina is 
that due to a head ^ J7i, for if in the expression (§ 48, p. 35) 



9\ H'-h /* 



we put A = o, the resulting value of 2;' is - H Now in Fig. 
45 let a; » I ft., and therefore y = 0.83 ft. ; nence, from § 8, 

4 ^» ^ 0-83' „ n A 

-£?! = — = — — « 0.1722 .'. //i = 9 X 0.1722 -r- 4 = 0.3874 ft. 
9 41: 4 

So then, when the water flowing over has a depth at or 
greater than 0.3874 ft., it is carried completely over the lon- 
gitudinal opening. We must, then, to gauge the stream in 
wet seasons, and so proportion x to y that the volume of water, 
from the head necessary to discharge it, have velocity suf&cient 
to pass over the opening mn; at lesser depths it strikes against 
the point, and in part enters the clear water-channel, and in 
part flows over the weir ; for this reason it is necessary to have 
a cover of timber, that the attendant may turn down upon the 
opening during such period if, at the commencement or end of 
a flood, the water should be turbid at such a depth as would 
not completely pass over the opening m n. 

Calculate at what depth the water all flows in. If we sup- 
pose in Fig. 47 that nr = Hi^ which we may do, though it be 
not normal to the axis of the sheet of water, then y + Hi^o.S^ 

and ^1 = 0.83 -y, also —Hi^— in this substitute for H^ its 

9 4 

value above, we have 

J(o.83-y)=^'and^xo.83=^' + ^y; 
9 49 4 9 

or /2.266 = y + -, or 1.5-0.888' = ^; 
hence y = 0.6 1 2 and Hi = 0.833 -0.61 2 = 0.221 ft. 

If, then, we observe in ordinary seasons a stream discharg- 
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ing 26.6 cb. feet per sec, the water being clear, and the most 
convenient length of the crest of the overfall being 60 ft., — 
we may, having selected some convenient depth tzi m, so adjust 
the opening mn that the whole of the clear water may fall into 
it. As a first step, we must calculate Hi^ for the length 60 
feet, and discharge 26.6, if the coefficient m be taken equal 

to 0.666 c (§ 82); we have, therefore, H.^ ( — ^ — ] 

\\3.556x60y 

« 0.25 (§71), and the vertical depth of n (Fig. 47) below the 
crest at m being given, we may calculate, first, the value of y, 
that is Til n^ so that the curve of the upper surface of the sheet 
of water flowing over the crest may fall within the point n, 
and the whole stream be carried down the clear water aque- 
duct. Let 972^1 be taken at i ft., then from 

y' = (§ 38), we have y = ■ ■ , and 

substituting for v its value in this particular case where Hi 
= 0.25, we have r = ^ \^2gHi = j x 8.024 V~o^$ (§ 48), and 
also for X its value, which is mni + -ffi « 1.25 ft. Hence 

2 X - X 8.024 \^o.3 125 . 

y •= ^::^ 3 >' 0-559 = 0.745 ft. 

And secondly, we may calculate at what amount of discharge 
and head j&Ti the curve of the lower parabola of the sheet of water 
will pass completely over the opening win, and so the stream, 
now turbid, be all carried over the clear water aqueduct into 
the settling and compensation reservoirs. Call the sought depth 

2x|x 8.o24a/S^ 
2?, and as a; is now i ft,, we have y« 0.745 « ^—z 

« -\/i> and Z>=( -0.745 1 =0.3 1 248,the discharge being about 

37 cb. ft. per sec. 

(xxxi.) To determine generally the relation between the 
length and depth of weir having the same discharge, put 

- X m x /i X Ai V Ai = - m x Z, x A, ^/A, ; 

hence 

A|t : A^i : 4 : : 'i, 
and 

Q 
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Ai : As : : Zj* : Zi*, 



•••Ai^Asi 



}J' 



2 



log Ai = log Aa + - (log h - log /i). 

Calculate the height to which the water upon a weir 545 ft. 
long will rise when it is flowing down from another weir 
higher up upon the same river, whose length is 750 ft., and on 
which it rises 0.68 ft.^ it being supposed that no additional 
supply has been received in the intervening part of the 
course. 

Here log h = 2.8750613 

log h ° 2.7363965 

0.1386648 X 2 = 0.0924432 

and log Aas= 1.8325089 
0.0924432 

1. 92495 2 1 and AiB0.84ft. 

By the above method, namely,, by discharging the same 
quantity of water over weirs of different length and measuring 
the depths, may be determined experimentally the value of the 
index of H to which the discharge is proportional, on the sup- 
position that 972 is constant, and that the discharge is directly 
as the length, for then 

Q = f . m . Zi . Ai«= f . m . Za . Aa^ 
and therefore 

a (log Ai - log Aa) « log Z. - log h, 
and 

log Z, - log h 



as 



log Ai - log Aa* 



The following Table is arranged from Series VII., Table 
X. of J. B. Francis, ** Lowell Experiments," already men- 
tioned, § 61, p. 47 : — 
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Table showing the restUta of JExperiments to determine the Index ofH, 




Total length 


Or, very 


of weir in feet. 


nearly, 


16.980 


17.0 


13-978 


14.0 


10.489 


10.5 


8.489 


8.S 


6.987 


7.0 


5.487 


55 



Depth on crest 
of weir in feet 


Average 
index. 


0.51837 

0-595H 

0.72733 

0.83614 
0.95882 

1. 13087 . 


► 1.478 
J 



(xxxii.) In the construction of reservoirs it is necessary 
to have a weir whose crest is on the level of the intended top- 
water line, with reference to which line the height of the em- 
bankment and of the puddle-wall must be designed. The 
length of this weir must be such that the water of a maximum 
rain-fall shall not rise above a certain height. We may take 
the greatest rain-fall at 2 inches in 24 hours ; this depth must 
be multiplied into the area of district which drains into the 
reservoir. We thus have, first, the total volume of water ; and 
secondly, supposing the rain to have fallen at a uniform rate 
during the 24 hours, or at least to have been delivered by 
the water-courses into the reservoir at a uniform rate, w6 
thence obtain the quantity per minute or per second which 
this weir must discharge. We then assign a certain depth 
upon the crest, to which the water must be limited, and con- 
sequently from the depth H and discharge Q we obtain Z/. 

Thus, suppose the area of the rain-basin or district drain- 
ing into the reservoir were 6536 acres, and the maximum depth 
of rain in 24 hours to be 2 inches, we reduce both to the same 
unit of feet. The acre contains 10 square chains of 66 feet 
each, 66^ x i o = 43 560 sq. ft., and 2 inches = o. 1 666 ft. : hence, 
43560 X 6536 X 0.1666' = 4745 1360 cb. ft. in 24 hours, which, 
reducing to seconds, we have 24 x 60 x 60 = 86400 ; and divid-* 
ing 4745 1360 -r 86400 = 549.2 cb. ft. per second, entering the 
reservoir, the length of weir to discharge this with a rise on the 
crest of 1.5 ft. is found 



549-2 



= ^=84.75 ft. 



^ X 0.66 X 1 .5 v^ 1 .5 X 8.024 ^'"^^ 

As, however, the sluices for discharging the storage would 
be opened, the rise upon the crest could be readily kept down 
to I ft. 



tl6 BXAMPLB8 ANB 



EXAMPLES ON CHAPTER II. 

VLOW OF WATER UNDER A VARIABLE HEAD. 

109. In § 88 we have the formula — 

mS\/2ff 

(xxxiii.) This has been made use of by Dr. Young to de- 
termine the value of m. A tube i inch in diameter is filled 
for 9 inches with mercury ; at the bottom is an orifice ^^^ inch 
in diameter ; the observed time of its total discharge was 140 
seconds. Solving the above equation for m, we have — 

f7l = 



T.S'V2ff' 
Changing the measures from inches into feet» we have — 

2i4 = 0.083* X ^-7^54 ^ ^"^ o.oi09sq. ft. and v^o.75 = 0.866 ft. 

S = -^ X 0.00545 s= 0.0000136 sq. ft. 



So that— 



^ 0.0109x0.866 „0' 00943 94 _^ ,2- 

" 140 X 0.0000136 X 8.024 "" 0.0152777 "" 



However, on account of the circular or vortex motion of 
the fluid at very small depths, no formulaB which give the time 
for complete exhaustion are quite exact. Mercury is, probably, 
less affected by this motion than water, with which a funneU 
shaped vortex is formed over the orifice ; this drawing in the 
air renders the discharge irregular, and reduces the orifice, so 
that the formula for partial exhaustion — 

2A{\/H-\/h) 



t^ 



m 



S^2g 



in § 89, may be considered to give more exacts results. The 
same author has used it also, as in the following experiment, 
(xxxiv.) A prismatic vessel, having a diameter of 5.747 
inches, has an onfice 0.2 inch at the bottom, and its surface is 
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observed to sink from i6 inches to i foot of depth in 53 seconds. 
Transposing as before, we have — 

2A ( /S"- \/h) 
tn = 7^ > 

tSV2ff 



ITbeing 1.33' ft., and A = i ft., the value of (1/1-33 - V'l) 
is 1. 153 - I =0.153 ft. The diameter of the vessel being J.747 
inches, or 0.4783 ft., the value of A will be 0.4783* x 0.7854 
= 0.1797 sq. ft. ; also S = 0.0166' x 0.7854 = 0.000218 sq. ft. 
Hence — 

^^2_x_o.i7_97x(i,iJ3-L=)Ol'53^ 0.055 ^^^ 

53 X O.CX502I5 X 5.024 0.0927 » 3 r 

(xxxv.) A prismatic basin, whose horizontal section is a 
square of 3 ft. in the side, has at the bottom an orifice 0.09 ft. 
in diameter ; it is filled up to a depth of 6 ft. above the centre 
of the orifice. Calculate the time required for the surface to 
descend 3.5 ft., counting from the moment of opening the 
orifice. Here -^ = 3 x 3 = 9 sq. ft., S= 0.09' x 0.7854 = 0.00636 
sq. ft. ; H- 6, and A = 6 - 3.5 = 2.5, m being 0.61 ; therefore 
from the formula — 

^ ^ 2X9 (2'449-''5gO ^ i5^4 ^ -q^" = 8' 22" 
0.61x0.00636x8.024 0.03113 ^ 

(xxxvi.) With the same dimensions calculate the time re- 
quired for the surface to descend 2 ft. Here A = 6 - 2 = 4, and 
VH- Vh = 0.449 ft* 5 therefore — 

. 18 X 0.440 ^ t n 

t^ ^^=250.6 = 4 20. 

0.03 1 13 ^^ ^ 

(xxxvii.) Again, suppose the descent of the surface to be 
5 ft., calculate the time, A = 6 - 5 = i, and V B- l/A «= 1.449, 
80 that — 

18 X 1.449 ^i^:ggl^ 837^84 =^iy58^ 
0.03II3 0.03II3 •^' ^ -^ ^ 

(xxxviii.) § 91. Mean hydraulic charge. — Let us suppose 
in any prismatic vessel receiving no supply, that the head, at 
the instant of opening the orifice of discharge, was 6 ft. = £?, 
and at closing it had decreased to 5 ft. = A, calculate the mean 
constant charge at which, in the same time, the orifice would 
discharge the same volume of water ; the vessel being now, 
necessarily, supposed to receive that same constant quantity 
which it discharges with a uniform velocity. 
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The formula ii 



^"(2(y5-^/A)j"(a(2449-2.236))°(d^r^-^°^^' 

If h be taken equal to 4, then ^=4.96; if equal to 3, 
-^'"4-37^5 if /l=»a, then jff'= 3.732; and when A = o, we 
have //'« 1 .5. 

If in 10'' we observe the surface to fall 2 ft., determine the 
coefficient of discharge. 

If -4 = 6 ft., /S=o.oi, and T^ 10", then 27 being = 6, and 
A = 4, we have Q'= i2cb. ft., and Q= 1.2, and £r' = 2.227. 

Hence — 

_ ]N2 _ 1.2 __ ^ 

" O.I X 8.024 X 2.227 " 1.787 ~ * 

(xxxix.) § 92, p. 67. A reservoir, half an acre in area, with 
sides nearly vertical, so that it may be considered prismatic, 
receiving a stream which yields 9 cb. ft. per second, discharges 
through a sluice 4 ft. wide, which is raised 2 ft. ; calculate the 
time required to lower the surface 5 ft., the charge upon the 
centre of the sluice, when opened, being 10 ft. From the for- 
mula given at the end of § 92, we have, substituting the nu- 
merical values, -4 = 21 780 sq. ft. the acre, being 43560 sq. ft. ; 
5= 8 sq. ft., m being found 0.70, and A = 10 - 5 = 5, also 2 = 9 
sq. ft. per second, 

<= 'J^Jf— 10.7 X 8 X 8.024 ( \^To - VS) 

(0.7 X 8 X 8.024)» \ ' ^ ^ ^' 

1 0.7 X 8 X 8.024 \/io — q) 
+ 2.303 X 9 X log ' ^ ,- \ • 

a7 X 8 X 8.024 V 5 — 9 ) 

In this we have 0.7 x 8 x 8.024= 44.9, and \/io-v^ 
• 3.162 - 2.236 «o.926. 
Hence — 

t = 135|^{44.9 X 0.926 + 20.7 log 1.455 } 

= 21.607(41.6+3.37) =972"= 16', 12". 

If y, the constant supply received by the reservoir, had been 
20 cb. ft. per second, then — 

(44.9X3.i62 ) -20 _ 121.97 ^ ^ 
(44.9 X 2.236) — 20 80.40 '^ '' 

the log. of which iso. 1809856 (in the former case subtracting 9 
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^e had i^^^ = i-4S5> the log. being 0.1628630), and the value 
90.4 

of ^is now 21.607 {41.6 + 2.303 X 20 X0.181) = io79"=i7'59" 
to lower the surface 5 ft. 

(xL.) Referring to the latter part of § 92, in order to deter- 
mine the depth which the surface would descend in a given 
interval of time, the formula must be arranged so as to sepa- 
rate the factors of \/-£f from v/A, then transposing, so as to 
make the left-hand side = o, we have 



t- 



2jl 

- rgy—y [nlS^/2ff\^H+2.203xqxlog(mSs/2ff^H'-q)} 

+, ^ X— y{»WASv^2yv^A+2.303xyxlog.(m/S\/2^'/A-j')»o. 

Let us suppose all the letters to have their former values, i being 
taken at 20 minutes, calculate the value of h — 



(t^) 1200"-^^ {44.9 >< 3-1^2 + 20.73 X log 133) = 

1200 -4020 =- 2820, 
aud thus we have — 

21.61 X {44.9 a/a + 20.73 X log (44.9 \/A- 9)} -2820 = 0, 

when the true value of h is substituted. To further prepare 
this last expression for the tentative determination of A, we 
must multiply out by 21.61, hence — 

970.3 \/A + 448 log (44.9 \/A - 9) - 2820 = o. 
If we take at first — 
\/h = 2, the equation becomes - 25 = o. 



^/h = 2.4 






+ 422 = 0, 


\/A = 2.01 






- 14 = 0, 


-v/A = 2.1 






+ 82.7 = 0, 


a/A = 2.03 






+ 7.44 = 0, 


\/h « 2.023 






- 0.1 a 0, and A » 4.09. 



The surface, therefore, descends $.9 feet in 20'. 

(xLi.) § 93. A pond, whose area is 12000 square feet, 
has an oveifall outlet 3 feet wide, which at the commencement 
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of the discharge has a head of 2.8 feet ; calculate the length of 
time required for the surface to descend i foot, it being sup- 
posed that no supply is received. 

We have then -&= 2.8, and A = 2.8 - 1 = 1.8, the value of 
m being taken at 0.6 1 . 

The formula — 

mlVzgWh ^/H, 
being put into numbers for this question ; we have — 

3x12000 f ' _ ' ^ { I I \ 
"0.61 X 3 X 8.024V ^j:g ^Ti j~ ^"^52 ^ — - J 6^^ ] 

2452 2452 

"'7:^-7:6^= 1830- i466 = 364" = 6' 4"- 

Calculate the time in which the surface descends 0.5 feet. 
In this case A = 2.8 - 0.5 = 2.3, and -7^ = fjTg- Hence— 

,^-x^='6i7-i466=i5i"=2'3i". 

Again, if we suppose the depth descended to be 1.5, and 
all the other quantities remain the same, we shall thus have 



ft = 2.8 - i.s = 1.3, and ;j^ = — , so that 

the depths then being 0.5, i, 1.5 feet; the corresponding in- 
tervals are 2' 3 1", 6' 4", 1 1' 5". If A = o, it is evident that t 

becomes infinite, as ^^ = infinity, and so also of any finite 

number in the numerator, arising from any other data. If the 
depth sunk had been nearly equal to the whole charge at the 
commencement, as, suppose 2.4, so that A = 2.8 - 2.4 = 0.4, then 

— 7=r = "T — • and 

(xLii.) § 95. In question xiii., page 90, Fig. 31, taken 
from D'Aubuisson, the time of filling the lower part of a canal 
lock, on the Canal du Midi, is calculated, i. e. up to the level 
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of the centre of the sluices, placed in the upper pair of gates ; 
we can now, by the 2nd case of § 95, calculate the time of 
filling up to the level of the upper reach, from the centre of 
the sluice doors, which, added to the 25", as determined in xiii., 
will give the total time. Substituting in the formula — 

mSV 7^ 
the several numerical values given at p. 91, we shall have — 



r — - X 3503.6 ^ y 6:^^, 

0.548 X 13.53* >^ 8.024 ■^^^•^ 



that is 



7007.2 

59-5 



X 2.53 =298 = 4' SS"» 



to which adding 25", we have 5' 23" as the total time of filling 
a lock of such dimensions. 

(xLiii.) The locks^ on the Montgomeryshire canal have 
a length of 81 and width of 7.75 feet; and at one, named 
the Upper Belun Lock, the lift or rise was 7 ft. A pipe leads 
the water from the upper level, and discharges below the sur- 
face of the lower level in the lock chamber, the diameter of 
which is 2 feet. As the mouth of this pipe is a square, 2 feet 
in the side, gradually altered into a circular pipe, 2 ft. in dia- 
meter, we may take m = i, a result which is justified by com- 
paring the observed time of filling this lock with that calcu- 
lated by the formula — 

T — — 1-_ / — 

when m is put equal to unity, for 

2x81x7.75 ^ „ , » 

1x22x0.7854x8.024 ^ 2-^45 - 132 = 2' 12 , 

the observed time being 2' 10". 



H 
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CHAPTER III. 

FLOW OF WATER THROUGH PIPES, ARTIFICIAL CHANNELS, AND 

RIVERS. 

no. Gravity is the sole force that acts upon a mass of 
water left to itself in a bed of any form ; it produces all the 
motion which takes place, — the inclination of the surface of 
the water in the channel is the immediate cause of motion, 
being that which enables gravity to act : and thus the measure 
of this force is in feet per second, g x sin «, — ^in which g repre- 
sents the measure of the force of gravity at the earth's surface, 
being the rate of motion at which a body is moving at the end 
of one second when falling freely in vacuo, or 32.1908 ft. ; and 
i is the number of degrees, &c., of inclination of the surface of 
the water in|the channel to the horizon ; and sin i the ratio of 
the height fallen in any length to that length, or the fraction 
height 

length* 

Thus, if in one mile the surface was lowered 12 ft., we 

should have sin i = -^ or -^, and the constant dynamic force 

5280* 440' •' 

producing motion is measured by 

^sin 1 = 32.1908 X — = 0.073 16 ft. per sec. 

The angle of inclination being that which has the natural 
sine 0.0022727, or 0° 7'.45"- If, then, water flowing in a chan- 
nel or pipe, and subject to this constant accelerating force, 
meet with no resistance, it will descend with an increasing 
velocity which would never be found uniform. 

But observation and experience show that in open chan- 
nels and pipes, even those of very great inclination, the rate of 
motion very soon becomes uniform. Bossut made the follow- 
ing experiment to prove this truth directly : — Having con- 
structed a canal in wood, 650 ft. long, with a slope of i in 10, 
and marked off equal spaces of 108 ft. each, it was found that 
the water traversed each space, except the first, in equal times. 
There must then exist a retarding force, which destroys at 
each instant the effect of the accelerating force, and which, 
when the velocity has become uniform, is necessarily equal 
to it. 
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But in pipes, channels, &c., there can be no retarding force 
but that which arises from the resistance of the sides or bed : 
and of its existence we cannot doubt, for the simple experiment 
of the measurement of the discharge through a tube in a cer- 
tain time, and again when the tube has been lengthened — all 
else remainingthe same — proves thatthe time required to yield 
a certain volume of water has been increased iJso ; and this 
can only arise from the fact that the tube, or other channel, by 
reason of its increased length, offered a greater resistance to the 
velocity. The surface thus opposed motion. 

To these^ retarding forces the name of Friction has been 
applied : though, from the difference between the laws of 
friction of water flowing over its resisting bed, and the fric- 
tion of solid bodies sliding upon each other, we must look upon 
it as the application of an old word in a new sense, in prefer- 
ence to adding a new term to express this peculiar resistance. 
It may be useful to state here briefly the laws of friction of 
solid bodies, with the view of showing this contrariety. 

111. First Law. — Experiment has shown that the friction 
or resistance to motion of bodies, sliding upon their surfaces of 
contact, is directly proportional to the force or weight pressing 
the two surfaces together, and differs only with the nature of 
the sliding surfaces, as wood, brass, iron, &c. 

Second Law. — The amount of friction is independent of 
the extent of the surface pressed, provided the whole amount 
of the pressure remains the same, and that the substance of the 
surface pressed is the same. 

Third Law, — The friction of a body, when in a state of 
continuous motion, bears a constant ratio to the pressure upon 
it, which is the same, whatever may be the velocity of the 
motion, — it is, in other words, independent of the velocity. 
Thus the first only of these laws can be expressed algebrai- 
cally. 

1 12. In the case of fluids, it has been shown that the resist- 
ance to motion which we observe, and which has been called 
friction also, is, on the contrary — 

First Law, — Independent of the pressure, that is, that the 
resistance to motion in a pipe with a nead or pressure of, sup- 
pose, loo ft., is the same as if the head were but 50 ft., or any 
other height. Dubuat had proved this by experiments on 
the oscillation of water in syphons, which the author of the 
article " River" (Encyclopaedia Britannica) has thus improved 
upon : — 

Two vessels ABCD, abed (Fig. 48), were connected by the 
bent pipeEFG gfe^ which turned round in the short tubes E and 
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Cy without allowing any water to escape ; the axis of these tabes 
being in one right line. The vessels were about ten inches 
deep, and the branches FG,^ of the syphon were about fire 
feet long. The vessels were set on two tables of equal haght, 
and (the hole e being stopped) the vessel ABC D, and the whole 
syphon, were filled with water, and the water was poured into 
the vessel abed till it stood at a certsdn height LM. The 
syphon was then turned into a horizontal position, and the plug 
drawn out of e, and the time carefully noted which the water 
employed in rising to the level HKAA in both vessels. The 
whole apparatus was now inclined so that the water ran back 
into ABCD. The syphon was now put in a vertical position^ 
and the experiment repeated : no sensible or r^ular difference 
was observed in the time; yet in this experiment the iH*essure 
on the part Gcg of the syphon was more than six times greater 
than before. As it was thought that the friction on this small 
part (only six inches) was too small a portion of the whole 
resistance, various additional obstructions were put into this 
part of the syphon, and it was even lengthened to nine feet ; 
but still no remarkable difference was observed. It was evea 
thought that the times were less when the syphon was vertical ; 
nor has any variation ever been observed in the friction of 
water upon glass, lead, iron, wood, &c. (Principes d'Hydrau- 
lique, tome i., §§34 and 36, Dubuat.) 

Second Law. — The resistance is, at any one velocity, pro- 
portional to the surface exposed to the action of the flowing 
water. In order to obtain an expression for this law, we may 
remark, first, that in any channel or pipe the resistance of the 
surface (Fig. 49) ABCD abed is, from the natural adhesion of 
the lamina into which we may suppose the water divided, and 
which couches or lamina are indicated by the dotted lines in 
the figure, shared by all the particles in the volume of water 
between the two transverse planes whose distance is -4tt, — 
that nearest the sides being most retarded, and each in succes- 
sion less and less influenced. The greater, then, that surfaee 
is, the greater is the resistance. But the greater the volume 
upon which this retarding action of the surface has to act, 
the less reduced will be the velocity of the first, and there- 
fore of each successive lamina : and thus we have the resis- 
tance directly proportional to the surface, and inversely as the 

area 

volume, i.e. — -, ; or as. the surface is Aa x (ai+ bc^ed\ 

volume 

and the volume Aa x (area abed), we may evidently in 

-J — \ 7 Tx strike out from each the length Aa of the 

Aax (area aoca) 
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channel common to both. The length ab-¥bc-^ cdie called the 
border, or the wetted perimeter : and thus we have the resist- 
ance directly proportional to the border, and inversely as the 
area of the transverse section perpendicular to the axis of 
the stream. If, then, we put S for the area of section, and C 
for the contour of the border, we have the resistance propor- 
tional to -^. 

Third Law. — The resistance is proportional to the square 
of the velocity nearly, the border being constant. For the 
number of particles drawn in one second from their adhesion 
to the sides of the channel or pipe is proportional to the num- 
ber of feet per second with which the water is moving, that is, 
to the velocity. And the/orce with which they are drawn is 
also as the same number of feet per second, or the same velo- 
city : and thus the passive resistance of the wetted border to 
the flow of the water is proportional to the product of the ve- 
locity into the velocity ; this part, then, of the expression for 
the resistance is represented by cru*, a being a constant, deter- 
mined hereafter. 

Experimenters have shown that this gives the resistance a 
very little too high, and that with velocities increased in the 
ratio 2, 3, 4, &c., it is not represented by a x 4, a x 9, a x 16, 
&c., but more nearly by adding the simple power of the velo- 
city, thus, a (7^ + ftv), the series of numbers v* 4 1> not increas- 
ing so fast as v*. 

Fourth Law. — In gases and elastic fluids we also have the 
friction proportional to the sj)ecific gravity or density. 

In order to obtain from these laws a formula for the dis- 
charge of water through pipes and channels, we must make 
use of the well-known principle, that when any body is moving 
with a uniform velocity, the accelerating afe necessarily equal 
to the retarding forces : for if the accelerating forces be sup- 
posed greater than the retarding, the velocity must increase ; 
and if they should become less, then the velocity must, on the 
other hand, decrease. Our object must now be, as in the for- 
mer chapters, to find, first the mean velocity, for this multi- 
plied into the transverse area gives the discharge with a given 
inclination : and we can thus solve the questions that arise in 
practice, such as the requisite dimensions of pipe or channel to 
convey a given quantity of water, &c., &c. 

Now in any pipe or channel, whose length is /, and whose 
height, from the surface of the supply to the point of discharge 
or extremity of /, is represented by hy we have the accelerat- 
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ing force expressed by y x ^, or sin inclination of surface into 

gravity. 

The retarding forces are, from the second and third laws 
above given, neglecting bv^ proportional to 

(a) 5^^* 

and therefore we have 

(o) ^ X y « w' X a X -^. 

Each side of this equation represents an equal number of feet 
per second. The left-hand being 32. 1908 ft. per sec. reduced, 
by being multiplied by a fraction whose value depends on the 

inclination of the sur&ce, that is ^j — ~r-. And the right-hand 

side being the square of the number of feet per second with 
which, at a mean, the water is moving when the motion has 
become uniform, reduced by the constant multiplier a, and also 
by a quantity depending on the figure of the transverse sec- 
tion of the channel, — a being some constant quantity to be 
determined by experiment. If the formula be correct, all good 
experiments will give the same value for a, that quantity by 
wiuch the right-hand side of (6) must be multiplied to produce 
the equality. We may, however, simplify the expression by 
dividing out by g^ and thus we have 

h a C ^ 
and as ^ is constant, put - - a\ which must be constant if a be 

if 

SO ; solving, then, for a', we have 

A S I , 

W T^^^t?""^* 

Substituting the actual data of experiments for the letters of 
the left-hand side, we obtain the value of a\ and comparing 
different experiments together, we find that it remains very 
nearly the same in all. 

The celebrated Smeaton has given in his Beports (vol. ii. 
p. 297) a series of experiments on the velocity of water flowing 
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through pipes under pressure. One of these, No. 7, had the 
foUowmg data: — Diameter of pipe, 4^ inches, or 0.375. ft; 
length, 14637 ft.; fall or head, 51.5 ft.; and v » 1.81; ft. 
Hence 4^ x < ^-375' x 0.7854 ^ i „ ^^^ ^ ^ooi - a'. 

The quantity discharged is given by Smeaton in Scotch 
pints, which he states contain 103.4 cb. inches, and therefore, 

the number of cb. ft. in one pint is ~|j = 0.05984, and as 200 
pints per minute were discharged, we have Q = 1 1.968 cb.ft. 

Hence as ^ = v, we have ^^ ^ai 10247 = 1-815 ft. per second. 

Mr. Provis has published in the " Transactions of Civil 
Engineers," vol. ii. p. 203, some experiments on the flow of 
water through pipes i i inch = o. 1 25 ft. in diameter ; of these. 
No. 4, with a length of 100 ft., delivered 2 cb. ft. per minute^ 
with a head of 2.5 ft. (It is presumed that the orifice of entry 
of the water was of the best form.) Here the velocity will be 
(2 cb. ft. -7- 60 X 0.125* X 0.7854 =) 2.72 ft. per second : and 
nence the value of a is found 

2.cft. 0.125* X 0.7854 I , 

— ^-TT X ^ '—-^^ X - = very nearly, 0.000 1 ; 

looft. 0.125 X 3.1415 2.y2^ ^ ^ 

and as from these and many other experiments a <= 0.000 1 , we 

have — = 10,000. 
a 

Substituting, then, this value of a', and solving the equa- 
tion (rf) for w, we have this expression for the mean velocity 



\h S 



X 1 0000 ; 



or, taking the root of the factor 10,000, and placing it out- 
side. 






From this expression it is evident that many geometrical 
questions arise in designing the best form of channel, whether 
circular, rectangular, or trapezoidal, to convey ^ven quanti- 
ties of water : a given area having, with the same condition 
as to ratio of slopes, a great number of difierent borders, and 
one a minimum, and, vice versdy a given border having a num- 
ber of different sectional areas, and one a maximum. 
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The quantity 7^ has been called the hydraulic mean depth : 

it is, in the case of rectangular and trapezoidal sections of chan- 
nel represented by a line de (Fig. 49) ; the rectangle under 
which, and the border {ab + bc-¥cd)y extended into one right 
line ady is equal to the area of the section ; the greater it is, the 
less the relative resistance of the surface to the volume of water 
passing over it. It is important, therefore, to have a clear idea 
of the influence of the figure of the transverse section of the 
channel upon the magnitude of this quantity, on which, other 
things being the same, the mean velocity depends ; being di- 
rectly proportional to its square root. As a simple form, let us 
take a channel whose transverse section is a rectangle, and, 
first, suppose the border to be constant, secondly, the area. 

Now, when the border is constant, it is evident that there 
are two extreme positions of the figure : one, when the depth 
becomes zero, in which case the bottom width must equal the 
constant border, as suppose 200 ft., or yards, or metres, and 
coincide with the line of water surface. This is shown in Fig. 
69, in which the line ACB is the surface of the water of the 
several transverse sections, and CD the vertical central line 
with reference to which they are all symmetrically arranged : 
A, C, B represents 200 ft. at a scale of 40 ft. to the inch, and 
is, as has been stated, tJie limiting figure when the depth be- 
comes zero. The other extreme position of the figure of the 
rectangular section of a constant wetted border is when the bot- 
tom width becomes zero, and then the depth must be equal to 
half the border, or 100 ft., and coincide with the vertical cen- 
tral line C, D. 

Now if we take any other rectangle, as AD'DiBi, having 
the same border, and the vertical central line coinciding with 
CD, the water-surface line also coinciding with ACB, we shall 
have AA' = A'D', and BBi = BiDi, and therefore the points D' 
and Di are in the right lines joining the point D and the points 
A and B : and thus all possible rectangles having this con- 
stant border may be inscribed in the isosceles right-angled 
triangle ADB. 

The following Table gives the dimensions of those trans- 
verse sections which are drawn in Fig. 69 within the triangle 
ADB:— 
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Table sfiowing the value of the Hydraulic Mean Depths Area^ ^c, 
the Channel having a rectangular transverse section^ the Border 
being constant 



Depth 


Bottom 


Area 


Hydraalic 


Square roots 


in 


width in 


in sqaare 


mean depth. 


of hydraulic 


feet 


feet. 


feet. 


or area -7- 200. 


mean depths. 





200 





0.00 


0.00 


I 


198 


198 


0.99 


0.99 


2 


196 


39* 


1.96 


1.40 


3 


194 


582 


2.91 


1.84 


J 


190 


950 


4.75 


2.18 


10 


180 


1800 


9.00 


3.00 


20 


160 


3200 


16.00 


4.00 


25 


150 


37JO 


18.75 


4-33 


30 


140 


4200 


21.00 


4.58 


40 


120 


4800 


24.00 


4.90 


SO 


100 


5000 


25.00 


5.00 


60 


8p 


4800 


24.00 


4.90 


70 


60 


4200 


21.00 


4.58 


7J 


50 


3750 


18.75 


4-33 


80 


40 


3200 


16.00 


4.00 


90 


20 


1800 


9.00 


300 


95 


10 


950 


4.75 


2.l8 


97 


6 


582 


2.91 


1.84 


98 


4 


392 


1.96 


1.40 


99 


2 


198 


0.99 


0.99 


100 








0.00 


0.00 



It will be perceived at once that the area and hydraulic 
mean depth increase progressively up to that figure in which 
the depth is equal to half the bottom width, the rectangle 
being half of the square whose side is the bottom width : and 
although the ratio of the hydraulic mean depth to the depth 
is continually decreasing, yet the former quantity increases 
until this ratio has become ^, after which point it diminishes, 
having the same value at depths equidistant from the maxi- 
mum. The inner curve CND, Fig. 70, gives a diagram repre- 
sentation of the results of the Table. The depths are severally 
plotted on the line CD from C as zero, at the same scale as 
in Fig. 69, and the hydraulic mean depths as vertical ordi- 
nates at the points in CD, corresponding to the depths. Join- 
ing the termination of these ordinates, we have the curve 

s 
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line CND, and by it we can obtain the hydraulic mean depth 
due to any particular depth by drawing a vertical line up to 
the curve at the point. 

If, instead of a constant border, we assume the rectangular 
transverse section to have a constant area, and for readier 
comparison with the foregoing take 5000 sq. fl., that area, 
namelv, which was a maximum with the border of 200 ft., we 
now find that, with a depth indefinitely small, the bottom 
width must be indefinitely m:eat ; and when we assume a bot- 
tom width indefinitely small, then the depth must be indefi- 
nitely great, as the product in each case is a given quantity : and 
rectangles, of figure intermediate between these extremes, 
being placed, as before, with respect to the lines AB and CD, we 
shall find the points corresponding to D'and Di lie in a curve, 
well known as the hyperbola, and represented in Fig. 69 by 
d, D', d', and di, Di, dj; the points D' and Di being common 
to the rectangle of constant border and constant area. 



Table shomng the value of the Hydraulic Mean Depths, ^e., ^c, the 
Channel having a rectangular transverse section; Area constant. 



Depth. 


Bottom width. 


Hydraulic 
mean depth. 


Square roots 
of hydraulic 
mean depth. 


Border. 





00 








00 


I 


5000 


0.9994 


0.9997 


5002 


2 


2500 


1.997 


'•4«3 


2504 


3 


1666.6 


2.989 


1.726 


1672.6 


5 


1000 


4-95 


2.225 


lOIO 


10 


500 


9.604 


3.878 


520 


20 


250 


17.24 


4-152 


290 


25 


200 


20 


4.472 


250 


30 


166.6 


22.065 


4,700 


226.6 


40 


125 


24.39 


4-939 


205 


50 


100 


*5 


5 


200 


6b 


83-33 


24.564 


4.956 


203.33 


70 


71.4 


23.65 


4863 


2II.4 


IS 


66.6 


23.084 


4.800 


216.6 


80 


62.5 


22.47 


4-74 


222.5 


90 


"1 


21.23 


4.607 


235-5 


95 


52.6 


20.61 


4-54 


242.6 


98 


51.02 


20.24 


4.50 


247.02 


99 


50.505 


20.12 


4.48 


248.505 


100 


SO 


20 


4-47* 


250 


loco 


5 


2494 


1.58 


2005 
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All possible rectangles having this constant area may be in- 
scribed in the space formed by the two branches of the curve 
and the right une A, C, B, produced each way indefinitely. 
The Table gives the dimensions of some of those drawn in 
Fig. 69 within this space, the sides having dotted lines. 

An inspection of this Table shows that when the area of 
the rectangle is constant, the hydraulic mean depth increases 
with the increase of the depth, being at corresponding 
depths somewhat greater than in the former Table, except 
at the maximum value, which is the same in each ; and at 
this point, as before, the hydraulic mean depth is half the 
depth. The outer curve CNR, Fig. 70, gives a diagram of 
the results, the hydraulic mean depths being plotted, as be- 
fore, at the depths of channel, from which they were calcu- 
lated. The curve, commencing at zero at the same point C, 
also passes through a common point N, but from this it (Uverges, 
and soon becomes convex to the line CD produced, whicn it 
never can reach, the hydraulic mean depth having always a 
finite value, in the case of a constant area, as long as the depth 
is finite. In every part this last curve is exterior to that re- 
presenting the results of a rectangle with constant border, co* 
mciding only at the points C and N. 

K we produce MN, so that MN = NO, and draw the line 
CO, producing it indefinitely, then the ordinates, as mn or 
m'n'j being produced to cut this line in and o', we have the 
ratio of the hydraulic mean depth to the depth at each point, 
taking n and n! either on the inner or outer curve. 

It will be proved generally in § 11 5, that the best form of 
channel is, whether the transverse section be rectangular, poly- 
gonal, or circular, when half the depth of the water at the cen- 
tre line is equal to the hydraulic mean depth ; a proposition 
which has appeared in the above Tables for the particular 
numbers chosen, which are mainly intended to illustrate the 
importance of the figure of the transverse section of a rectan- 
gular channel. 

Let us suppose that, with the same inclination, we had two 
rectangular channels of equal transverse area ; but in one the 
depth and bottom width were 5 ft. and 1000 ft. respectively, 
and in the other 50 ft. and 100 ft., or numbers in that ratio; 
then, fi*om the second Table, we perceive that the square roots 
of the hydraulic mean deptlis are as 2.214 to 5, and therefore 
the mean velocity, which is proportional to this quantity, is more 
than double,and the volume of water flowing down, which is the 
product of the mean velocity into the transverse area, also more 
than twice as great. When the border is constant, the compari- 
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son ^ves results still wider. Thus, if from the first Table we 
take rectangular channels, whose depth and bottom width are 
10 and i8o» and again $0 and 100 respectively, or any numbers 
in those ratios, we find the square roots of the hydraulic mean 
depths are as 3 and 5, and, multiplying each into the area, we 
have the volumes of water carried down as 5400 to 2500Q, the 
inclinations being the same in both channels. 

We may also gather firom these Tables, that in wide rivers 
and channels in which the depth is small compared with the 
width, the mean velocity is very nearly proportional to the 
square root of the depth, for in such cases the hydraulic mean 
depth is nearly equal to the depth, as in the upper lines of each 
Table. It is also evident that on each side about the maximum 
value the mean velocity does not diminish very rapidly ; thus 
in the second Table the rectangles, 40 by 1 25, and 60 by 83.3, 
difier but very litde in their mean velocity, and therefore in 
volume discharged from that of 50 by 100. In the first Table, 
in like manner, the mean velocities, for depths intermediate 
between 40 and 60, being nearly identical with the maximum 
at 50, the volumes discharged will only vary &om the maxi- 
mum discharge in proportion to the areas. 

In the case of tubes having a uniform circular section, 

-_ = __ lZ_if - -, the formula (e) becomes then, in the case 

C ax 3.1415 4 

of pipes flowing full, 

(/) . . V = 100 /y X - = 50 J 7 X rf ft. per sec. 

We have seen, in the second law of friction, that each 
successive couche or lamina, into which we may suppose the 
fluid in motion to be divided, is less and less retarded from the 
border towards the centre of this section: the highest velocity 
being consequently near the centre and in open channels at 
the sur&ce. The volume of water which traverses the section 
of which we speak, in one second, is due to these difierent 
velocities ; and the velocity, the expression for which we have 
now determined, is that one of these various velocities with 
which, if the whole section moved as one solid mass, the dis- 
charge would be the same : it is then the mean velocity, and is 
found in any actual experiment by dividing the volume dis- 
charged in one second by the section, as has been done in the 
two experiments used for the determining the value of a\ 

In order, then, to determine the discharge by any channel 
or pipe, for which we have deduced the value of v from the 
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given inclination and hydraulic mean depth, we multiply the 
expressions {e) or (/) by the area. Thus from (e) we have 



(ff) ' • ' Q=/Sx TOO /yx-^; 

'S 
or if we put jffyfor^, the hydraulic mean depth, 



Q= SX 100 /jX Hy^ 

And again, from (/) we have for pipes running full, 

Q = 0.7854 (P X 50 J-j X d, 



or 



(A) . . , Q = 39-27 /yx d«cb.ft. persec. 

In many works and reports the discharge is spoken of per mi- 
nute, instead of per second : and for this unit of time we have 
60 X 39.27 « 2356.2 as the factor outside ; hence 



Q=2356 /yxrf« 

cb. ft. per minute, which may be written thus, 

2350 X — -» 

being the formula used by Beardmore in calculating Table 5, 
to which reference is again made in the Examples to this 
Chapter. 

Other formulae for the mean velocity, generally expressed 
in words, are in use amongst engineers, which may be derived 
from those we have now given, namely, that the mean velocity 
of water in any pipe or channel that has attained a uniform 
velocity is nine-tenths of the square root of the product of twice 
the fall per mile into the hydraulic mean depth ; or sometimes 
thus expressed, 0.92 into a mean proportional between twice 
the fall per mile and the hydraulic mean depth. 

These, which would not be given in words but to obviate 
any disadvantage arisingfrom the student meeting with them for 
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the first time, are consequences of equation (e); for the nume- 
rator and denominator of the fraction - maybe replaced by any 

numbers having the same ratio. If, then, we make I- 5280, 
i. e. the number of feet in a mile: the numerator, which we 

may call /, expresses the fall per mile thus, -j » — =^ ; and from 

(c) we have, therefore, 

and as 1.3 - 0.9166 \^2, we have, by substituting this value 
in (i), 

(j) v^o.gi66V7fHy. 

113. From the formula (A) for the discharge of pipes run- 
ning full under pressure, we can, being given any two of the 

three quantities Q, the inclination ~, and d^ determine the 

other. Let it be required to find the diameter of the pipe, 
which, with a given inclination, shall convey a given quantity 
of water. Dividing equation (A) by 39.27, and squaring both 
sides, we have 

« (3^7)'-r'' 

and dividing by y, or multiplying both sides by 7, and extract- 
ing the fifth root, 

N\39-27y ""a" 

The requisite inclination is found from (k) by dividing both 
sides by rf*, 

\39.27y r/« / 

and if we multiply both sides by I, we obtain A: so that if the 
length the water has to be conveyed be also amongst the data, 
we obtain the head or pressure necessary to force the given 
quantity along a pipe of known length and diameter. 
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We cannot, however, fully determine the figure of a rect- 
angular or trapezoidal channel from {ff) ; solving (g) for ^r 
we have 

<^) [ii)^k-c' 

In this we require, in addition, to be riven either S or C, and 
also the ratio of the slopes of the sides if it be a trapezium; 
moreover, Sand Care so related that, with given slopes, there 
is a maximum value of S to every given value of C; if S ex- 
ceed this maximum, the solution is impossible. 

114. It is found in practice that certain soils, in every 
excavation for whatever purpose, require a rate of slope in 
the sides adapted to the degree of cohesion of the ground, 
to obviate the danger of slips, which occur when they are too 
steep : this slope of the banks is, therefore, always found 
amongst the requisite data in the designing of channels. 

In order that the side slopes of channels, intended to be 
permanent, may stand without any masonry or dry stone pitch- 
mg, they should have a slope between the rates of i^ horizon- 
tal to I vertical, and a to i : being made flatter according as 
the soil has less tenacity. In some cases even 2^ to i has been 
adopted ; the half regular hexagon has slopes of 0.58 to i ; in 
channels for temporary use we may have i to i. 

And so also must the velocity be given ; and, for the same 
reason, some kinds of earth being worn away^ and the form of 
channel destroyed, by a rate which carries down the particles 
of the soil through which it it excavated, a velocity must there- 
fore be assigned within this rate of motion. It has been deter- 
mined experimentally for many kinds of earth. 

The effect of the velocity of the water, in carrying down 
the particles of the ground through which the channel is ex- 
cavated, depends jointly upon their tenacity and size. As to 
the size, we know that the cubical quantities or weights of any 
similar bodies decrease faster than their superficial areas ; and 
the pressure or force urging a body down stream being, cete^ 
m paribus^ proportional to the surface, is relatively greater 
the less the volume ; the smaller the particles, therefore, the 
less is the velocity required to move them. Mr. Beardmore* 

* HydraaHc Tables, by N. Beardmore. 
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in Table 3 gives the following statement of the limit of fio^tom 
velocities in different materials in feet per minute : — 

30 ft. will not disturb clay with sand and stones. 

40 ft. will move along coarse sand. 

60 ft. ,, „ fine gravel, size of peas. 
I soft. „ „ rounded pebbles, I in. diameter. 
1 80 ft. „ „ angular stones, about i|in. ditto. 

The beds of rivers, protected by aquatic plants, however, 
bear higher velocities than this Table would assign. 

Such being the natural limitations in the choice of any par- 
ticular rectangle or trapezium, the engineer must proceed to 
determine the figure of the transverse area without violating 
the conditions they impose. 

115. When it is desired to convey the greatest possible 
quantity of water in an open channel with a given area of 
transverse section, then the volume discharged being directly 
proportional to the area, and inversely as the wetted border, 
we must select the figure which for a given area has the least 
border, and for a given border has the m*eate8t area. 

Geometry informs us that the circle has this property : the 
semicircle, and therefore the semicircular channel, has the same 
property ; the ratio between the area of the semicircle and 
semi-circumference being the same as that between the circle 
and the entire circumference. Then follow the regular demi- 
polygons, with less and less advantage as the number of their 
sides is less ; and among the more pmcticable forms are the 
demi-hexagon, and finally the half-square. 

As the transverse areas of artificisd open channels are, when 
without masonry, trapezoidal, the question as to the figure of 
greatest discharge is reduced to taking, among all the trape- 
ziums with sides of a determinate slope, that which gives the 
greatest section for a given wetted border ; or, in other words, 
which has the greatest hydraulic mean depth ; and every dif- 
ferent area and ratio of slopes has its particular maximum tra^- 
pezium. 

Let/? be the depth of the trapezium BF (Fig. 50), and b 
the bottom width BC, and n : i the ratio of the slopes, or AF : 
FB ; then the general values of S and C are 

(/?).... S=(6 + np)x/> = Jp + n/?% 

and 
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Since, then, S in the expression ■-:;, with slopes of n: i, is a 

maximum, its differential will be zero, and we have 

(r) pdb + bdp + 2npdp = o ; 

and as the border is constant, its general value being differen- 
tiated, gives db + 2dp \/n* + i = o. Hence db = - 2d p Vn^ + i ; 

this beinff substituted in (r), gives b = 2p{ \/n^ + i - n) ; with 
which value of b we have 

C 2p{2Vn^-¥i'-n) 2 

Therefore, in all trapezoidal channels of the best form, with 
certain given slopes and area, the hydraulic mean depth is half 
the depth of the water : and hence we derive a construction for 
the cross section of a maximum discharging channel ; remark- 

S t) 27 

ing that as-^ = -, we have S = Cx^, Let the trapezium, 

ABCD (Fig. 51) be the channel sought; from the middle 
point E of the top width draw lines EB and EC dividing the 
figure into three triangles, of which AEB and CED are iden- 
tical ; let EP be the perpendicular from E upon AB ; then 



AB + BC + CD X ^ = AB + CD X t=^ + BC X ^ ; 

2 22 

and therefore - = — . If, then, from E as centre, and p as 

22 

radius, we describe a circle, it will touch the two sides AB and 
CD. If, therefore, we describe a circle (Fig. 52) with any ra- 
dius, and draw a tangent, parallel to a horizontal diameter, pro- 
duced on each side indefinitely, then between these lines draw- 
ing tangents having the given inclination, we obtain a figure 
similar to that required, from which, by proportion, we obtain 
the transverse section of the channel : a construction given by 
Mr. Neville (Hydraulic Tables, p. 129). 

Other properties of the trapezium of greatest discharge. 
Figs. 51 and 52, are. First, that the line of surface of water 
AD is equal to the sum of the slopes AB and CD, and con- 
sequently the border is equal to the sum of the top and bot- 
tom widths, or the mean breadth equal half the border. Se- 
condly, the triangle BEC is similar to the triangles EAB 
and EDC ; the vertical angle BEC being equal to the angle 
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of inclination of the sides to the horizon. Thirdly, the angle 
between the perpendiculars from E upon the sides AB and 
CD is double the angle of inclination of the sides, and the 
angle FEB half of the same, that is, of the angle BEC. This 
gives another construction when p and the angle of inclina- 
tion of sides are given. On a vertical line lay off /?, and 
from the upper pomt E (Fig. 51), on each side, lay off the 
angle of inclination, bisect them by EB and EC, and 
through the lower point of/? draw a perpendicular to inter- 
sect EB and EC, which gives the base BC, then from B draw 
BA perpendicular to EP, to intersect the horizontal line 
through E at A, and in like manner on the opposite side, 
giving the required trapezium ABCD. From the second we 
obtain an expression for the area of the trapezium of greatest 
discharge in terms of the depth and angle of inclination j3 of 
the side slopes with the horizon, for the area of the triangle 
BEC is equal topy.p tan J^p, as half BC is the tangent of 
half the vertical angle to radius p ; also the sum of the areas 
of the triangles EABand EDC is equal to EP x AB, but EP 

is equal to /i, and AB is the cosecant of j3 to radius /i, as is 
evident if from B we draw the perpendicular BF, as in Fig. 
50, the angle ABF being the complement of B AF, that is j3 ; 
thus the area of the trapezium is 

p^ (tan ij3 + cosec /3). 

Table giving the values of t&n ^)d + cosec /3, and the Top and Bottom 
Widths, in Trapeziums of best Form and ordinary Slopes. 



Slopea. 



to I 
to I 
to I 

3 to I 



Angle /3. 


tanij3 
+ cosec )3 


90- 


2.000 


75 58' 


I.812 


63 26 


1.736 


60 


1-732 


53 8 


1.750 


45 


1.828 


38 39 


1.952 


36 53 


2.000 


33 41 


2.106 


29 44 


2.282 


26 34 


2.472 


23 58 


2.674 


21 48 


2.885 


19 58 


3-104 


18 26 


3'3^S 



Top width. 



p X 2.000 
2.062 
2.236 
2.309 
2.500 
2.828 
3.202 

3-333 
3.606 

4.032 

4.472 

4.924 

5-385 
5-854 
^•325 



Bottom width. 



px 2.000 
1.562 
1.236 
1.155 
1. 000 
0.828 
0.702 
0.666 
0.606 

0.532 

0.472 

0.424 
0.385 

0354 
0-325 
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The several numbers in the third column express the areas 
of the trapeziums of best form to the depth unity, and also the 
mean widths : multiplied by p^ they give the area, and by p 
the mean width for the depth p. The numbers under the fourth 
and fifth columns are the top and bottom widths to the depth 
unity, and for any depth p give the top and bottom width re- 
spectively, by being multiplied into p ; they are obtained by 
adding, for the fourth column, the numbers in the first and 
third, and for the fifth column, by subtracting the same, for 
in every trapezium the top width is equal to the mean width, 
plus the depth into the ratio of the slopes, and the bottom 
width equal to the mean, minus the depth into the ratio of the 
side slopes, and with a depth unity the value of these lines is 
derived by the addition and subtraction above mentioned. 

In all the different trapeziums of best discharge formed, as 
shown in the woodcut, by drawing tangents to the same semi- 




circle having the radius p, the hydraulic mean depths are evi- 
dently the same, namely, ^, whatever the side slopes may 
be, and, therefore, with the same inclination of the bed of 
the channel, they all have the same velocity, and consequently 
the discharge, which will then be as the area, is proportional 
to the mean width, the depth p being constant. 

If through the middle point of p we draw the indefinite 
line mn parallel to aa\ then the areas of all these figures 
formed by the several tangents to the semicircle will be pro- 
portional to the length of this line cut off by the tangents or 
side slopes ; this consideration serves to explain what may be 
observed in the last Table, namely, that the numbers in the 
third column decrease from the first number, corresponding to 
o to I, down to a certain point, and then, rising to the first 
value at the slope of i J to i, afterwards increase continuously. 
In the woodcut the vertical tangents at D and D' form the 
rectangle of best discharge with a given area, and the length 
of mn cut off is equal to twice the depth p ; now every other 
tangent between that from D and that from B, which passes 
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through the middle point O of DV (and, therefore, forms a 
trapezium BRUB', having the same mean width as the rect- 
angle), cuts off a smaller part of the line mn, and consequently 
is of a less area than the rectangle, the minimum being the 
trapezium formed by the tangent which touches the semicir- 
cle at the point in which the line mn cuts it, and having there- 
fore the inclination of 60° with the horizon, the mean width, 
to the depth unity, being 1-732, and the trapezium a half re- 
gular hexagon ; but the tangents cutting mn beyond the point 
O form trapeziums of a continually increasing mean width, 
and, therefore, increase in area in the same proportion. If 
through the point O we draw any inclined lines whatever, 
the areas of the figures so formed are all equal to that of the 
rectangle, but that particular line which, drawn through O, also 
touches the semicircle, forms a trapezium, whose wetted bor- 
der, as well as area, is equal to that of the rectangle, for the 
slope BR is equal to the half top width BE, which is equal to 
the radius DE (that is p or DV), together with BD, which 
is equal to VR, and, therefore, BR is equal to D V + VR, 
and consequently BKUB' = DVTD'. 

Also the slope of BR is i^ to i, or, which is the same thing, 
VR = I J of OV ; for the sum of the sides of the triangle OVR 
is evidently equal to DV + VS, or 2DV, or 4OV ; take OV 
from both, aixd we have 

3OV = OR + RV, and also OR^ - RV» = O VS 
thatis, 0R + RVxOR-RV = OV»; 



substituting 3 O V x OR - R V = O VS 

hence OR - RV = JOV ; 

subtracting this last from 

0R+RV=30V, 
we have 2R V « 3 O V - ^O V, 

and, therefore, RV= i^OV, 

The thi'ee sides of the triangle are consequently as the num- 
bers 5j 4, 3 : and in this trapezium, the bottom width is Jth 
of the top, but this last relation as to the widths is not needed, 
to the equality of both area and border in a trapezium and 
rectangle, for if the slopes of the former be i J to i, and the 
vertical sides of the rectangle bisect them, then, however 
great may be the bottom width, or even if it disappear and the 
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elopes meet in a point, the condition holds, and the rectangle 
and trapezium have the same discharge, velocity, and hydrau- 
lic mean depth consequent on their identity of border and area. 

In the woodcut, p. 139, the tangents from a and d are at a 
slope of 2 to I ; those from c and d are at i to i . It is remarkable 
how small relatively the bottom width becomes as the slope of 
the sides becomes flatter, at i^ to i, being but two-thirds of 
the depth and one-fifth of the top width ; at 3 to i , being one- 
third of the depth and a tenth of the top width ; for flatter 
slopes than this last, the trapezium of best form may be con- 
sidered practically to merge into a triangle. If the top width 
with the flatter slopes be considered to involve too great an 
expenditure in land, and that the upper part of the excavated 
ground be of a nature to bear a steeper slope than the lower, 
then tangents to the semicircle with that slope will give a 
figure of best discharging form for a given area, and with those 
conditions, economizing both land and excavation, instances 
of such as having been adopted in practice are given under 
the Examples. The bottom, also, 01 the channel may be con- 
structed curvilinear by adopting for it the arc of the semicircle 
between the points at which the side slopes touch it, and which 
arc, therefore, subtends an angle at the centre equal to twice 
the angle of inclination of the sides. In these two last modi- 
fications the hydraulic mean depth, and therefore the velocity, 
are evidently the same as in the simple trapezium, and the dis- 
charge diminished only as the area of either is diminished by 
the omitted portions of the original trapezium. 

In order to compare a trapezoidal channel of best discharg- 
ing figure with others having, first, the same constant border ; 
secondly, the same constant area, and in both the inclination 
of the side slopes identical, we may proceed as in pp. 1 29, 130, 
in which were tabulated the results upon the hydraulic mean 
depth and discharge of all the diflferent figures which a trans- 
verse section of a rectangular form may assume when the bor- 
der is constant, and again when the area is constant. 

Let us suppose a trapezium with side slopes of 30° with the 
horizon, that is, 1.732 to i (nearly i| to i), and a constant 
border of 200 units. It is evident (Fig. 73) that when we di- 
minish the depth, the bottom width increases, and that the limit- 
ing figure is with a depth equal to zero, a bottom width equal 
to 200. On the other hand, when the bottom width is equal to 
zero, and the depth the greatest possible, the trapezium be- 
comes an isosceles triangle, whose base angles are equal to the 
angle of inclination of the sides, and consequently unlike the 
former limit (and both limiting figures in the rectangle of con- 
stant border) having a finite area. 
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Table showing the value of ike Bottom Widths Border^ and Hydraulic 
Mean Depth, ^c, the transverse section being a trapezium with 
side slopes 30° with horizon^ and a constant border equal 200 
units* 



Depth in 
feet. 


Bottom 
width. 


Area. 


Hydraulic 
mean depth. 


Square root 
of hydraulic 
mean depth. 





200 











I 


196 


197.7 


0.99 


0.99 


2 


192 


390-9 


1.96 


1-39 


3 


188 


579.6 


2.90 


1.70 


S 


180 


943-3 


4.72 


2.17 


10 


160 


'773-2 


8.87 


2-97 


20 


120 


3092.8 


15.46 


3-93 


2? 


100 


3582-5 


17.91 


4-23 


30 


80 


3958.8 


19.79 


4-45 


35 


60 


4221.8 


21. II 


4.58 


40 


40 


437^-3 


21.86 


4.67 


41 


36 


4387.6 


21.94 


4.68 


42 


32 


4399-3 


22.00 


4.69 


43 


28 


4406.6 


22.03 


4.694 


44 


24 


4409.25 


22.04 


4.695 


44.09 


23.63 


4409.27 


22.05 


4.696 


45 


20 


4407-3 


22.04 


4.694 


50 





4330.1 


21.65 


4.653 



Taking in the next place a constant transverse area for the 
trapezium, as in Fig. 74, whose side slopes are at 30° Mrith the 
horizon, and supposing this area to be that which was the 
maximum in the above Table, 4409.27 square units : we find 
the mean widths by dividing this number by the several 
depths we assume ; the quotient is the mean width of the trar 
pezium, from which the top and bottom widths are deduced 
by adding and subtracting the product of the depth into the 
ratio of the slopes. 

From this it readily appears that there is a limit to the 
depth, for, when the product above mentioned is equal to 
the mean width, the difference is zero, and the figure becomes 
an isosceles triangle, whose base angles are equal the angle 
of inclination of the sides, and area equal the constant area 
chosen. But the bottom width increases without limit as 
the depth chosen diminishes, and at a depth equal to zero ho- 
comes infinite — 
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Table showing the value ofAe Bottom Width, Border, and Hydraxdie 
Mean Depth, ^c, the transverse section being a trapezium, with aide 
slopes 30^ with horizon, and the constant area 4409.27 square units. 



Depth. 


Bottom 
width. 


Border. 


Hydraulic 
mean depth. 


Square root 
of hydraulic 
mean depth. 





00 


00 








I 


4407.5 


4411.5 


0.99 


0.99 


2 


2201.2 


2209.2 


1.99 


1.40 


3 


1464.6 


1476.6 


2.98 


1-73 


5 


873.2 


893.2 


4-93 


2.22 


10 


423.6 


463.6 


9.50 


3-o8 


20 


185.8 


265.8 


16.60 


4.07 


25 


1331 


233.1 


18.92 


4-35 


30 


95.0 


215.0 


20.50 


4-53 


35 


65-3 


2053 


21.46 


4-63 


40 


40.9 


200.9 


21.95 


4.685 


4^ 


36.5 


200.5 


21.99 


4.689 


42 


32.2 


200.2 


22.02 


4.692 


43 


28.1 


200.1 


22.03 


4.694 


44 


24.0 


200.0 


22.04 


4.695 


44.09 


23.6 


200.0 


22.05 


4.696 


45 


20.0 


200.0 


22.04 


4.695 


50 


1.6 


201.6 


21.88 


4.67 


50455 





201.8 


21.85 

• 


4.674 



In both the Tables it is remarkable how nearly equal the 
numbers in the fifth column are, on each side of the maximum, 
even for a wide range of values in the depth and bottom width, 
and this has an important practical bearing, for if, page 142, a 
depth of 44 and bottom width of 24 units were found inap- 
plicable or expensive from the great depth the excavated earth 
would have to be raised, we may adopt a channel having a 
depth of 30 and bottom width of 95 units, and as the trans- 
verse area is constant, the volume discharged will be influenced 
only by the alteration in the mean velocity, that is, in the 
value of the square root of the hydraulic mean depth, and this 
we perceive is only reduced from 4.695 to 4.53, which is less 
than 3^ per cent. ; the longitudinal inclination of the bed of 
the cluuinel being the same in both cases. The land required 
for the wider channel would be about 1 2 per cent, greater than 
for that of best discharging form. In forming a new or an 
improved river channel, the excavated earth is almost always 
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carried to spoil on each side, and not to a contiguous embank- 
ment, as in road or railway works, which makes the depth of 
the cutting of the greater importance with a view to economy. 
In all cases the top width spoken of is supposed to be the 
level of high water of the greatest floods, and should be 3 or 
4 feet below the surface of the land on each side, in order that 
the thorough drainage may not be injuriously affected. 

116. The mean velocity of water flowing in an open chan- 
nel is about 4-5ths of the maximum velocity, which is generally 
at the centre and upon the surface, or a little below it ; and, 
conversely, the maximum velocity at the surface is found from 
the mean velocity by adding a fourth (Minard, *' Cours de 
Construction," p. 6). 

Thus, if the mean velocity be 3 ft. per sec, that at the sur- 

fiw5e is - X 3 = 3,75 ft. per sec. 

Also, if the observed central velocity at the surface were 
found to be 5.2 ft., the mean velocity is 4.16 ft. per sec. 

Dubuat has given an empiric formula, on which have been 
founded Tables by most of the authors of Hydraulic Tables. 

In the formulae for the velocity and discharge of open chan- 
nels and pipes given in this Chapter, the direction of both the 
pipe and channel is supposed to be nearly a right line : when 
they have quick curves, an additional resistance is occasioned, 
which diminishes the discharge, or demands an increased head to 
give any required discharge. This resistance is said to depend 
conjointly upon the square of the velocity of the water, upon 
the number of bends, and on the square of the sine of angle 
they make with the straight line of direction ; and Mr. Beard- 
more has added, inversely, as the square root of the hydraulic 
mean depth ; but experimenters have not been consistent in the 
results obtained (D'Aubuisson, §§ 196-198). 

117. In the case of pipes running full, the bends may occur 
in the vertical plane also ; and in this case the air is found to 
collect rapidly at the summit of such bends : air-valves must, 
therefore, be left to free the pipe, which may be in some cases 
self-acting, but are generally worked by hand at stated times. 

It is also necessary to proportion the diameter of the pipe in 
the different parts of its course, so as to make it discharge the 
quantity due to its diameter. Thus, in Fig. 53, which is the 
longitudinal section of the line of a main pipe leading the water 
from a reservoir at A to the point Y, if from the formation of 
the intervening ground it is necessary to rise up to the point B, 
then it is impossible for the pipe to discharge at its extremity, 
Y, the amount due to the diameter and total fall AM, from A 
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to Y ; neither can the Ml from B to Y be fully efficient, be- 
cause there cannot be a due supply at B. The pipe from A 
to B must therefore be of greater diameter than from B to Y, 
or than would have been necessary if the total fall from A to 
Y had been uniformly distributed. At the enlargement of the 
Edinbugh Waterworks, as desired by Mr. Jardme, the main 
for the first 1 8,300 fb. had a fall of 65 ft.; and the diameter, 
commencing at 20 inches, decreased to 1 8 inches : the remain- 
der of the distance, 27,900 ft., had a fall of 286 ft., and a dia- 
meter of only 15 inches. The discharge into the Castle Hill 
distributing reservoir is only that due to the smaller diameter, 
laid the whole dbtance with an uniform fall. 

118. On this main were placed, at fourteen different points, 
— the summits of bends in the vertical plane,— cast-iron vessels 
to receive the compressed air as it collected. Fig. 54 shows a 
vertical section of one of them, 4 ft. high, and 1.5 ft. wide, with 
the cock for letting off the air, which must be done every three 
or four days. The neglect of this precaution has been the 
cause of great disappointment upon the first opening of water- 
works. 
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EXAMPLES AND PRACTICAL APPLICATIONS. 

CHAPTER IIL 

1 19. (xLiv.) It frequently occurs that new channels have to 
be excavated in soils having a degree of cohesion such as will 
only bear a certain limit of velocity ; if this be exceeded, the 
water carries down the particles of the bottom and sides of the 
bed, destroying its form, and also injuring those parts of the 
course lower down, where from a lesser inclination of the 
downward slope, and consequently lesser velocity, it is depo- 
sited, an evil of an exactly opposite character to the first. 

The volume of wat«r brought down by the stream in its 
various states, more especially in floods, being known (vide 
Ex. XXX.), and also this limiting velocity ; it is required to 
design a suitable form of channel. If it is intended to be a 
trapezium, and without any masonry or stone pitching on the 
side slopes, then a second condition, depending in like manner 
on the nature of the soil, is introduced, namely, the inclina- 
tion of the slide slopes, which must not be so steep as to en- 
danger their slipping in, this latter condition being common to 
all excavations, for whatever object they may be undertaken. 
Now the volume and mean velocity being known, we have at 
once the transverse area of the channel in what form soever it 
may be distributed. Calculate the area of transverse section 
of a channel required to convey 104 cb. ft. per sec, at a velo- 
city of 2.5 ft. per sec. Solving the expression Q^Sv for /S, 
we have 

aS = ~; hence, =41.680. ft- 

V 2.5 

for the area, S ; and if together with the ratio of the side 
slopes, « : I, we are given either the depth/?, or the top or 
bottom width, the trapezium is completely determined. 

For, if the depth be given, we obtain the mean width by 
dividing the area by the depth ; and from the mean width, 
the top or bottom width is found by adding or subtracting 
pxn. 

Thus, if the depth /? = 3 ft. and « = 2, or the slopes 2 to i, 

the bottom width i is ^ - (2 x 3) = 7.866' ft. ; and the top 

width, in like manner, is i^ + (2 x 3) = 19. 866' ft. If the bot- 
tom width b be given to find/ ?? we have bp + wp' = 41 .6 sq. ft. 
Let J = 8, hence, p-± \/24.8 - 2 = 2.98 ft. 
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It must be observed, that the inclination of the bed on the 
lon^tudinal section of the channel is not, with the above data, 
a matter of choice, but is absolutely determined by the condi- 
tions as to volume, velocity, and dimensions of transverse sec- 
tion. 

In the former, when p = 3 ft., we have — « = 3359*4 ; 

C' 21 •43 

and from equation (0) the inclination - = ( — 1 x 

. . / \iooJ 3359.4 

= 0.000322, or I in 3106, being 1.7 ft. per mile; and in the 

- h I 

latter, -= = o.ooo'i204 = . 

W ^ 3122 

To determine the dimensions of a rectangular channel 

formed of timber, or with vertical sides of masonry, to convey 

the same volume of water at the same velocity. The best form 

of rectangular channel being that in which the depth is half 

the breadth, we have the depth found from the expression — 



= J— = \/2o.8 = 4.56 ft. 



and consequently the width 9.12ft. 

Calculate the dimensions of a regular half hexagon to con- 
vey the same volume of water with the same velocity. We 
have the area of regular hexagon equal to s^ x 2.598, s being 
one of the sides. Hence — 

«* X 1.299 = 41.6, or *=/ =5.66, 

and hence the depth/? = 4.9 ft., and C= 16.98 ft. 

If the trapezium was required to be of the best discharging 
form with side slopes, as above, 2 to i, then from Table, page 
138, we have the area equal p^ x 2.472, and therefore the equa- 
tion 

p*x 2.472 = 41.6 sq.ft., 

and 

/41.6 

p=-^J- — = 4.102. 
'^ -\ 2.472 ^ 

Proceeding as above, when /? = 3 ft., we now have the bottom 
and top width respectively equal to 1.94 and 18.345 ft. 

(xLV.) Having a pipe of 2 ft. diameter, and 4000 ft. in 
length, with a head of 80 ft., calculate the discharge per mi- 
nute. We have by equation (A) — 



148 BXAMPLBS AND 

^35^ ■7='= 21356^^, or 2356 X 0.8 « i884.8cb. ft.permin. 




(xLVi.) Calculate the respective discharges by pipes 1 £fc. 
and 4 ft. diameter, the length and head being the same as in 
the last example. 

For the pipe i ft. in diameter : — 

ooufi .J a-^^a'3'^3.21 cb. ft. per minute. 

2350 /4000 7-071 ^^^ 

And for that 4 ft. in diameter : — 
235^5^ = 2356 ^-;g-^ - 2356 X 4.525s = 1 0,662 cb. ft.permin. 

Thus the transverse ar^as in the three cases being as i : 4 : 1 6, 
that is as d*, the discharges are as i : 5,656 : 32, or as d** ; all 
the other data being the same. 

(xLvii.) Calculate the discharge of a pipe whose area is one- 
half that of the 2-ft. pipe in (xlv.), with the same length and 
fall. The areas being as 2 : i, the diameters are as 1.4 14 : i, 
the \/2 being = i .4 1 4. Hence — 

23S6^^'-79^cb.ft-; 

and two such pipes discharge 1 5 84 cb, ft. per minute, being 
300 cb. ft. per mmute less than the single 2-ft. main of equal 
area. 

(xLViii,) Calculate the diameter when two equal pipes give 
the same discharge as that of the single pipe in (xlv.^ This 
is the same as to calculate the diameter of a pipe which shall 
discharge 942.4 cb. ft. per minute, with a length of 4000 ft., 
and head of 80 ft* Hence, if x be the diameter sought, we 
have — _ 

^/ 3* 
23 56 X — j-s- = 942.4 cb. ft. 

And — 



or — 
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a; = ^(o.4x7.o7iy = ^'8and^-^=^^^^2?9^Qj8o6i8, 

S S 

answering to the number 1^5 157; being 0.1017 ft., nearly 
i^ in., greater than 1.4 14 ft., and discharging 150 cb, ft. 
more. 

(xLix.) Calculate the diameter of one large main, to convey 
the same quantity of water as three mains, each 2.5 ft. in dia- 
meter ; the length 2^ miles ; head, 140 ft. The quantity that 
may be delivered by the three mains with the above data is — 

3 X 2356 ,'^ = 7200.7 cb. ft. per minute. 

/ I 3200 

\ 140 
for log 2.5 =0.39794 and ^ ^ ^-^9794 _ 0.99485, answering to 

the number 9.8821 ; also as ^^^—^=9.7, and ^'^' « 1.0188 2 

so that 3 X 2356 X i.o 1 88 » 7200.69 cb.ft.per minute, as above. 
Hence, the diameter of the single main being d, we have 
from (A) — 



5/ M200.7 Y 



>< 94.3 = V 3-0563'' ^94-3» 

or by logs ^x 0.485196 + 1.9745-17 ^^,^881874, answering to 

3.8742 ft., about 3 ft. 10^ in. ; so that an addition of 18 in. to 
the diameter of one of the 30 in. mains, gives a discharge equal 
to all three of 30 in. diameter. The last five questions point 
out very clearly the great economy of adopting at the first a 
large diameter of pipe : the thickness of the cast-iron of the 

tripes being in practice very little, if any, diminished in the 
esser diameters, and the circumference being as ^, the dis< 
charge is as rf*' cceteris paribus. In this example the quantity 
of cast-iron in the one large pipe is to that in the three smaller 
as 3.8915 to 7.5. 

(l.) We may, from a consideration of the formula — 

0) 0.9166 ^2fHy=Vy 

the mean velocity, explain several of the circumstances of 
rivers and channels. Thus, in time of floods, it is observed that 
the velocity is largely increased, although the slope of inclina- 
tion of the surface, if it be not the same as in the ordinary and 
average state, is probably even smaller in some cases. Thus, 
let us suppose a' anbb (Fig. 55) to represent the transverse 
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section of a river, at some point where it is of a regular figure, 
with the same slopes on each side ; let a, b be the level of the 
ordinary water, and a', b' that of a high flood : the transverse 
area S increases faster than the wetted border C ; and therefore 

o 

-^ the hydraulic mean depth, increases faster than C; conse- 
quently the mean velocity also increases with the depth of the 
water, and in proportion to the square root of the hydraulic 
mean depth. 

Let us suppose a river 68 ft. broad at the bottom, and the 
slopes 2 to I ; the ordinary depth 4 fl., and the fall per mile 
1.4 ft. ; we have therefore — 



V = 0.92 ^2 X 1.4 X ^^ = 2.7 ft. per sec, 

V 

and the discharge is 2.9 x 304 = 88 1 .6 cb. ft. per sec. 

If, then, in time of flood, the river rises so as to have a 
depth of 7 ft., the fall per mile being supposed unaltered, we 
have now, consequently, the mean velocity expressed in num- 
bers — 

v = 0.92^2 X 1.4 x^|^^= 3.7 ft. per sec. 

And the discharge 3.7 x 574= 2123.8 cb.ft.;' being 2J times 
greater than the former, although the transverse section is 
only 1.888 times, and the depth but 1.75 times greater. 

(li.) It has been observed at the junction of rivers of 
nearly equal width and volume, such as the Mississippi and 
Ohio, the Ganges and Jumna, &c., that the width is not per- 
ceptibly increased below the junction : the velocity and depth 
are increased, so that the double volume of water is conveyed 
in a channel of nearly the same width ; the inclination of the 
surface being also the same before and after the junction. 
Required the new depth and mean velocity of the united 
streams. 

Let d be the depth of each of the equal streams, and b the 
mean width, we may assume the border to be 6 + 2c/, and the 

hydraulic mean depth ^-M_. 

Thus, each river, before the junction, discharged — 
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and if we call x the depth of the single river after the union of 
the streams, and breadth h^ as before, we shall have — 



Q = o.02 /2/*x-r x6a: = 2xo.o2x /2/x •=; -y.hd. 



Hence — 



Jr X te = 2 1 1 ; X bd. 
o-\-2x \6 + 2a 



Squaring both sides, and dividing out by &*, we have 

b-{- 2x b+2d' 
Clearing of fractions and transposing — 

6 + 2C/ i + 2C/' 

Let b = 200 ft., and d = s> *^®^ — 

x^ - 4.762 X - 476.2 = o. 

After a few substitutions, we obtain x = 8.01 ft. If/= 3, the 
mean velocity in the rivers, before the junction, is 4.92 ft., and 
of the single united stream 6.14 ft. per second. 

(lii.) Calculate the quantity of water conveyed by a chan- 
nel 4 ft. deep, 1 8 ft. wide at top, and 7 ft. at bottom, and the 
inclination of the surface 4 in. per mile. 

The length of each of the side slopes is 6.8 ft. ; hence the 
border is 20.6 ft., and the area 50 sq. ft., from which we have 
the hydraulic mean depth — 

-^«-^= 2.4272 ft. 

C 20.6 
Hence from (j) — 

t; = o.92 V 2 X 0.333' X 24272= 1. 1 7 ft. per sec, 

8^d Q= CO X 1.17 = 58.5 cb. ft. per sec. 

Let the slope of the above channel be* doubled ; required 
now the mean velocity and discharge, the depth and other 
dimensions of the transverse section remaining the same. 

It is evident that the only change required in the value 
of the expression for v — as given in lii. — is to multiply by 
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y/%\ for as the h ydraulic mean dept h is 2.4272, as before, we 

have V = 0.92 \/2 x 0.666' x 2.427 = 1.654 ft. per sec, and 
Q = 50 X 1.654 = 82.7 cb. ft. per sec. ; and, generally, the dis- 
charges are, ceteris paribus^ as the square roots of the inclina- 
tions ; so that if the fall had been increased four times, the 
discharge would have been doubled^ 

(liii.) In the mining districts of Cardiganshire, it is usual 
to collect the supplies of water for the stamping^mills, &c., by 
channels, called leets, often many miles in length, and fre- 
quently deriving the water from sources altogether out of the 
limit of the natural watershed of the point where the power 
of this water is applied. The Ml given to these channels is 
generally i inch in 10 fathoms, or i in 720, being 7,33' ft. per 
mile. 

Calculate the quantity of water brought down by a leet 
having this fall : depth, 0.5 ft., and bottom width, 2 ft. ; slopes, 
i^ to I. 

The area is 1.375 sq. ft., and the border 

2 + 2 X 0.5 \/i.5»+ i« 3.80ft. 
Hence — 

•^==0.362, 

therefore the velocity is = 0.92 V*i x 7.33' x 0.362 =» 2.1 19 ft. 
l)er sec, and Q= 1.375 ^ 2.119 = 2.90!). ft. 

These streams have sometimes to be carried along the face 
of rocks, nearly perpendicular, on the side of a va&ey. In 
such places the water is conveyed in wooden troughs, sup- 
ported by iron holdfasts. Calculate the transverse section of 
ai;;;trough to convey 2.7 cb. ft. at the above velocity. The 
wooden trough is rectangular, the depth half the breadth, 
hence the side of the square of which its transverse area is the 
half is — 

\ V y 2.H9 ^ 

the depth, then, is 0.83 ft., ^^^ width, 1.654 ft. 

(li V.) Calculate the quantity of water conveyed by a chan- 
nel ofthe following dimensions: — Bottom width, 10 ft.; slopes, 
2 to i]; depth, 4 ft.; and fall per mile, 0.5 ft. 

/S = |>'«+j96 = 4'x 2+ lox 4 = 72 sq.ft., 

C«i + 2p\/n*+ 1 = 10+ 2 x4 V^5«27.9ft., 
and 
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| = M8 



» 



hence, 

Q = 72 X 0.92 \^2 X 0.5 X 2.58 = 106.38 cb. ft. 

If the fall had been 3 ft. per mile, then the value of Q, 
above found for 0.5 ft. fall, must be multiplied by v^6 = 2.449, 
and the discharge would be 260.5 cb. ft. per sec. 

Let the fall per mile be reduced from 0.5 ft. to 0.125 ft. 
per mile, i. e. the fourth part, then the volume of water dis- 
charged will be reduced one-half, being equal to 53.19 cb. ft. 
per second. 

Or, if the fall remain unaltered, at 0.5 ft. per mile, and the 
other factor under the radical sign, that is, the hydraulic mean 
depth, be reduced in the same proportion as the fall had been 
above, namely, from 2.58 ft. to 0.645 ^^- (*^® transverse area 
of 72 sq. ft. remaining constant), the discharge would in this 
case also have been 53.19 cb. ft. 

To construct this trapezium we have the area 72, and the 
hydraulic mean depth equal 0.645, which gives the border 
1 1 1.6, hence by a quadratic we find the depth 0.655 ft. ; re- 
jecting the other solution when the product of the aepth into 
the cosec. of inclination of sides is greater than half the border : 
and the bottom width 108.67 ft., such a transverse section, from 
its great relative resistance, has the same effect in diminishing 
the discharge as the lowering of the fall from 0.5 ft. to 
0.125 ft. per mile. 

If we desire to have a channel of best form, 72 sq. ft. area, 
and slopes 2 to i, we have p^ x 2.472 = 72, and hence p the 
depth equal 5.4 ft., the hydraulic mean depth 2.7 ft., the bot- 
tom width 2.5488 ft., border 26.73 ft., and the discharge 108.6 
cb. ft. 

(lv.) Calculate the quantity of water flowing out of a 
railway tunnel by the two side drains, which were built with 
vertical walls of masonry ; each channel being i ft. wide, and 
the water 5 inches deep ; the inclination of the tunnel being 
I in 200. 



Q = 2 x/o.4i66'sq.ft. X0.92 J2X 26.4 x^^--,| = 2.65cb.ft. 

As the depth is 0.4166' ft., and breadth, i ft., the value of 
S is evidently 0.4166 sq. ft., and the border, i +2 x 0.4166 
- 1.8333'. ^he fall per mile for i in 200 is 26.4 ft. 

120. The actual rate of fall adopted by engineers may be 
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studied in the following series of examples, from which we maj 
gather the fact that in artificial channels, as in rivers the work 
of nature, large volumes of water must have but small inclina- 
tions of their bed ; otherwise the velocity resulting from the 
smaller relative resistance would overcome the cohesion of the 
bed and banks. 

The celebrated Shawswater aqueduct or channel, which 
conveys water to Greenock for mill-power and supply of the 
town, has a fall of 4ft. per mile throughout its length of 5 miles ; 
it discharges 43.3 cb. ft. per sec, equal to 2600 cb. ft. per 
minute, the depth of water being about i .56 ft. ; bottom width, 
6fl., and side slopes generally, ^ to i. 

The canal from the River Durance to Marseilles (lix.), in-* 
tended for irrigation, water-power, and supply of the city, has 
an average fall of 2.416ft. permile, conveying 528cb.ft. per sec 
. The Grand Ganges Canal (lvii.), now( opened, the largest 
in the world, having a course of 898 miles, navigable through- 
out, and furnishing irrigation to 5,400,000 acres, has a fall of 
1.5 ft. per mile, a depth of 10 ft., with a constant bottom width 
of 150 ft. ; and is intended to convey 6750 ft. per sec. ; the 
slopes are not mentioned, but at i-^ to i the formula would 
give 73 16 cb. ft. The fall in this canal may, from its vast 
dimensions of transverse section, be considered very great, and 
the resulting velocity such as would ordinarily wear down the 
sides — in tropical countries, however, it would appear that the 
growth of aquatic plants, causing a great increase of resistance 
on the bottom sides, is a serious evil to canal works, and ne- 
cessitates a greater inclination of suiface than would be re- 
quired in higher latitudes. — (" Italian Irrigation," by Captain 
B. Smith.) 

Covered channels constructed of masonry o^er less resist- 
ance from the greater truth of the lines of the work, and even- 
ness of surface of bottom and sides of channel, when well 
constructed, than is found in open channels excavated in the 
ground. 

The Croton Waterworks, supplying the city of New York, 
afford the finest modern example of water supply having this 
great advantage of a covered channel, so essential to the purity 
and low temperature of the water. The transverse section of 
the culvert is given, with figured dimensions, in Fig. 55. The 
fall is 1 3 ^ inches, or 1 . 1 25 ft. per mile ; the discharge is said to 
be 60,000,000 gallons in twenty-four hours, which gives 1 1 1 . i 
cb. ft. i>er sec 

The supply of water from Loch Katrine for the city of 
Glasgow is conveyed by a culvert or tunnel 8 ft. in diame- 
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ter, and with a fall of i in 6336 ; in crossing the intervene 
ing valleys, a cast-iron pipe, 4 ft. in diameter, is used, like an 
inverted syphon ; the total fall from point of entry to that of 
delivery being at the rate of i in 1000, or 5.28 ft. per mile. 

The Canal de TOurcq, conveying water from the Ourcq to 
Paris, has an inclination of 0.0001056, or 33.26 fl. fall in the 
total length of 3 14,966 ft. The gauging of the river TOurcq 
showed that 106.61 cb. ft. were to be conveyed down ; the pro- 
jected navigation required a depth of 4.9213 ft., and it was 
deemed necessary to give a velocity to the current of 1. 148 3 
ft. per sec» From these data it resulted, from the use of the 
complicated formula which introduced the simple power of the 
velocity (p. 108), and such other modifications of it as were 
assumed to represent every difierent kind of resistance, that the 
inclination should be 0.00005502. But the engineer, fearing 
the retarding effect of the weeds and plants which grow abun- 
dantly on the bottom and sides, finally adopted that named 
above, 0.0001056, or nearly double that given by calculation, 
making the fall 0.5575 ^*- P®^ mile. 

The New River (as it is still called), conveying water to 
London from near Ware on the Biver Lea, is graduated to 
0.25 ft. P^'* mile, having a winding course of 39 miles; its 
breadth is said to be 18 ft., and depth, 4 ft. The fall in this 
canal, intended for domestic supply, is too small, as in summe 
the water becomes raised in temperature from the great sur- 
face exposed in its long course, and from the slow rate of mo- 
tion, which is about half a mile per hour. 

(lvi.) This example, and also (lviii.), are intended to 
explain some circumstances of the motion of waters in estua- 
ries and tidal rivers. It has been compiled from papers by 
Messrs. Frazer, T. Smith, and Mulvany, read at the Institu- 
tion of Civil Engineers of Ireland. 

The estuary of Ballyteigue, on the coast of the county of 
Wexford, which is shown in the Map, Fig. 78, lies at the back 
of a narrow range of sand-hills, stretching from east to west for 
about seven statute miles, and rising from 20 ft. to 60 ft. above 
the level of the sea at low water. At the western extremity 
of these sand-hills the estuary is connected with the open sea 
in Ballyteigue Bay by a narrow channel, which, at its mouth, 
is obstructed by a bar, composed principally of fine sand, and 
upon it, at low water of ordinary springs, the depth is about 
1 2 inches. 

The high-water line in the estuary is indicated on the Map 
by a strong full line, low-water mark by a dotted line within 
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this, and the boundary of the lands that were liable to be 
flooded, by a fine dotted line outside of it. 

At the entrance from the sea, the width of the channel, at 
low- water of ordinary springs, is 150 ft. ; at high-water, about 
300 ft. Up to the site of the embankment (the innermost of 
the two represented, and marked on the section ^^ Embank- 
ment proposed by the Commissioners"), a distance of about 
3|milesfromthebar, the average width at low-water is 400 ft., 
increasing to 1400 ft. at high-water. Above the embankment, 
and on to King's Nook, 6^ miles from the bar, the low- water 
channel is not more than 60 ft. wide, but the space covered at 
high-water of ordinary springs suddenly enlarges to nearly a 
mile in breadth, formmg the Ballyteigue Lough. 

At King*s Nook the nigh- water channel is again contracted 
to about 900 ft., but it immediately widens again, and forms 
the " Broad Water," which, though very shallow, is a per- 
manent lake, the tidal and fresh water being prevented from 
flowing out by a bar across the channel at King's Nook. 

The northern extremity of the Broad Water is about 8^^ 
miles from the bar, but the influence of the high spring tides 
extends up the river towards Bridgetown, about i mUe fur- 
ther. 

Thus we find this remarkable estuary to have consisted 
of, first, the narrow channel communicating with the sea, 
and nearly 4 miles in length; then a sudden expansion for 
about 2 miles, above which it is contracted for the length of a 
few yards, and again expands for a length of about 2 miles, and 
in a direction nearly at right angles to the former. 

The extent of the whole basin, filled at high water of spring 
tides, is about 2200 statute acres, of which 600 lie between 
the bar at the bay and the embankment now constructed. 
The total area draining into the estuary, and discharging into 
the sea by the channel, is about 6000 acres. 

The rise of ordinary spring tides in the bay is 1 1 feet, of 
neap tides 6 ft., and of extraordinary springs about 14 ft. 

The study of the map of the estuary will, however, lead 
us to suppose that the peculiar form of the Lough caused a 
great difference in the time and height of tides within, as com- 
pared with their level and time outside — a large expanse of 
2200 acres having to be filled and emptied through a very 
narrow and long entrance at the bar; and careful observation 
confirmed this surmise. 

The section, Fig. 79 (the vertical scale of which is greatly 
exaggerated compared with the horizontal, being 352 to i), id 
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taken from the bar along the line of the main channel^ and the 
line of the narrow channel through Ballyteigue Lough, over 
the second bar at King's Nook and through the Broad Wa- 
ter up the river course : on it are drawn, at the left-hand side, 
outside the bar, horizontal lines, showing the level of high- 
water of spring tides on the 30th May, 1843, ^^^^h, from its 
agreement wim other observed tides at the same place, was 
taken to represent fairly the '^ Establishment" of the bay, and 
the ordinary low-water of same, the latter being made the 
datum of the section, and also a line representing the actual 
low-water of the 30th of May, which was, however, kept up by 
high south-west winds. Two other lines are drawn within 
these limits, the higher, the level of high-water of neap tide 
2ist of June, 1843, ^^^ ^ dotted line which is the level of 
true neaps. 

As we follow these lines inwards from the bar, however, 
we perceive the extraordinary &ct that the high-water line is 
curved downwards from the bar, and the low-water line up- 
wards from the same point ; in fact, the capacity of the receiv- 
ing basin was so great compared with the entrance, that the 
water of the flood-tide had not time to rise in the Lough up 
to the level of the tide in the bay ; and at the ebb in the same 
manner^ at low-water, it had not had time to flow out and de- 
scend to the level of the low-water line outside. 

On the 30th of May, 1 843, it was high-water (spring tide) 
on the bar at 6 a. m., the whole rise of the tide being 10 ft. 
At the under-named places, from the bar inwards, the time and 
height were as follows : — 



The bar of Lough, . . . 
Coast-guard Station, . . 
Point, 2 miles from bar, . 
Bing*s Nook, .... 
On the Broad Water, 

It thus appears that it was half ebb at the bar when it was 
high-water in the Broad Water ; the tide continuing to flow 
into the Lough after it had begun to descend in the bay. 

The low- water of the same day is thus recorded : — 







H. W. 


lower 


Time. 


Distance. 


than that at 
the bar. 


6 A.M. 










6 „ 


300 yds. 


18 


in. 


6 „ 


2 uiiles. 


21 


»» 


gh gin 


6i „ 


32 


99 


9^o"» 


7i »» 


36 


99 
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L. W. higher 
Time. Distance. than that at 

' the bar. 

Bar of Lough, . • . ia*> 8°*p. m. o o 
Coast-guard Station, . 12 25 „ 300 yds. 15111. 
Point, I i miles from bar, 10,, i| mile. 30,, 
Site of proposed embank- 
ment, 20,, 3f 55 30 nearly. 

Ring's Nook, .... 3 25 „ 6| „ 52in. 

Broad Water, 72 „ 

We may, without much error, suppose the rate of rise of 
tide in the bay to be nearly uniform, rising uniformly for six 
hours, and ebbing in the same manner, and for the same pe- 
riod. 

It appears from the above tabulated observations, there- 
fore, as was beforesaid, that the water of spring tides had not 
time to enter fully into the estuary in the six hours of flood ; 
nor again, had that which did enter sufficient time completely 
to flow out during the six hours of ebb. 

The irregular form of the estuary, and of the channel con- 
necting it with the bay, renders it impossible to make precise 
calculations of the extent of area which, with a given entrance, 
would be exactly filled and discharged in twelve hours 5 it will, 
however, be shown generally, that there is a relation between 
the vertical transverse area of the entrance and the horizontal 
area of any receiving basin of a uniform depth, and having 
vertical sides. 

During neap tides the effects in the estuary were very 
different from those observed during springs. The heights of 
high- water, and the depths of low- water, as well as the time 
of flood and ebb, coincided more closely with those in the open 
sea. This is occasioned by the fiict that the neap tides never 
enter the Broad Water above Ring's Nook, nor rise over the 
extensive mud banks of the Ballyteigue Lough ; so that, with 
the exception of the narrow channel up to Ring's Nook, we 
may look upon the neap tide basin as terminating at the site 
chosen by the Commissioners for the embankment intended to 
exclude the tidal water. The following observations on the 
neap tides have been selected :— 

Distance from ^^^ *^*/^ 
, „. H. W. at the 

bar. . 

bar. 

At site of proposed embankment,! .1 . , 

now constracted, ...../* '°'^^'- 7 inches. 
At Ring's Nook, 6^ „ 13 » 
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Instead of 21 inches atid 32 inches, which were observed at 
springs. The low water of this neap tide had therefore an ave- 
rage inclination of about 2 in. per mile falling from Bing's Nook 
to the bar. It must be observed that the lines upon section, 
Fig. 79, showing the high-iyater and low- water of springs, do 
not represent the surface line at any one moment of the ebb 
and flood within the bar, but are merely the lines joining the 
points of high-water mark at the several successive distances 
from the bar. 

Several different plans were proposed for the reclaiming of 
this Lough, two of which are shown on the map. Fig. 78. 
One, by Sir J. Macneill, took up the streams flowing into the 
Broad W ater by a new river course through it, passing Bing*s 
Nook, and along the eastern boundary of Bally teigue Lough, 
discharging into the sea by cutting through the sand-hills near 
Crossfamogue Point. The tidal w^aters being intended to be 
kept out of the lough by an embankment shown on the map 
and section, the westernmost of the two indicated, and de- 
signed at a very narrow place, but deeper than that to the 
right, selected by the Commissioners ; their plan, which was 
tlmt finally carried out, took up the different streams flowing 
into the lough by a navigable river course, which, commencing 
near Bridgetown and passing inland, reaches the Duncormac 
stream, down which it proceeds to its junction with the en- 
trance channel, being indicated by a thick dotted line. This 
plan had the double advantage of providing for the local navi- 
gation, and also admitting a larger volume of water each tide 
up to the main embankment. Another plan proposed was to 
construct an embankment on each side of the existing low- 
water channel through the lough. The disadvantages of this 
method will be made clear by the study of (lvii.). 

All designs which involve the construction of a main em- 
bankment across the natural channel require an excavated 
reservoir on the inner side, and self-acting sluice-doors in the 
embankment : the one to receive all the rain-water, springs, 
leakage, and percolation that can accumulate upon the re- 
claimed lands during the period in which the action of the 
tide outside keeps in this water ; the other, to discharge it dur- 
ing the interval in which the relative levels outside and in- 
side admit of its flowing out. 

The plan finally adopted for the reclamation of this estuary 
was, the construction of an embankment distant about 3 miles 
from the bar, shown on the map. Fig. 78, being the point at 
which the entrance channel may be considered to terminate, 
and the wide flats, covered at spring tides, to commence, sluice- 
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doors of the requisite area> and placed at a sufficient depth, 
being constructed in it. 

These sluices have to discharge at low-water all the rain-, 
fall upon a considerable district diraining into the lough, which 
is allowed to collect during each tide at an excavated reservoir 
on the east or land side of the embankment. 

Another work, rendered necessary by the reclamation of 
the lough, was the formation of a navigable channel, shown 
on the map, which also acted to convey the waters of the chief 
stream, formerly flowing into the sea, through the area now 
laid dry ; but for this channel not only would the water traffic 
of the locality have been destroyed, but also the sluices in the 
embankment would necessarily have been greatly increased in 
number and total area, and a larger reservoir been required. 

As a preliminary, and with a view to facilitate the future 
construction of the main embankment, and consequent final 
exclusion of the tide, a subsidiary embankment, to exclude the 
sea from the Broad Water, was completed at Ring's Nook, 
3 miles further from the bar than the main embankment above 
mentioned. The results of this work at Ring's Nook were 
very encouraging, and showed conclusively that the cause as- 
signed for the peculiarities in the surface of the tide within the 
estuary was the true one. 

It was ascertained by accurate levelling, that at Ring's 
Nook, after this lesser preliminary embankment had been com- 
pleted, the high- water mark of springs was now only 1 8 in. 
lower, and low-water mark but 25 in. higher than that at the 
bar. So that the former was raised 14 in., and the latter de- 
pressed 27 in. compared with the observations on the 30th of 
May, 1843, P*^57 — ^^^ range of the spring tide that day 
being but 3 ft. at Ring's Nook, but on this occasion 6 fl. 
5 in. 

On the completion of the main embankment, at the point 
indicated on the map and section, and the total exclusion of 
the tidal water, no difference could be observed between the 
level of high-water of either spring or neap tides, so that the 
injury to the navigation, anticipated by some persons as likely 
to arise firom reclaiming the estuary, resulted in a positive ad- 
vantage, in so far as an increased depth at high-water was 
given. 

The Commissioners, it is true, had to bear the expense of 
alterations at the Coast Guard Station, and had also to raise 
an embankment, previously constructed by private parties, 
parallel to the course of the stream from Duncormac, by which 
some land had been reclaimed. 
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All these having been constructed with reference to the 
former high-water mark, which was justly looked upon as a 
natural and unalterable point, but in an unexpected manner 
they had to be adapted to the altered state of things. Nor 
was the depth upon the bar lessened from any diminution in 
the total volume of the back-water discharged each tide, with 
a scouring action ; the increased rise of the surface up to the 
main embankment, which now constitutes the furthest limit 
of the influx of the tidal water, coupled with the increased 
depth at low water, giving very nearly an equivalent for that 
which formerly passed up beyond this point and spread over 
the flat mud-lands of the Lough, and occasionally into the 
Broad Water. 

It was computed that, in the original state of the estuafy, 
the quantity that flowed in during spring tides was about 
163,000,000 cb. ft., of which 78,000,000 was between the bar 
and the main embankment, and 85,000,000 above its site; 
now, by the increased rise and fall above mentioned, 68,000,000 
are added to the 78,000,000, giving a total, up to the embank- 
ment, of 146,000,000 each spring tide, only less than the ori- 
ginal quantity by 17,000,000. It was, therefore, with a sound 
judgment that this position of the embankment was decided 
upon, admitting a much larger volume of water than that 
which was proposed to be placed nearer the bar, standing also, 
as appears from the section, upon much higher ground for its 
base, and immediately before the point at which the channel 
opens out into the wide level now reclaimed. 

In the construction of the sluices for the discharge of the 
land water, both as to their density, their figure, and the depth 
at which they were placed, we may trace some good practical 
points of construction. The soffit, or upper line of the open- 
ings for the discharge, was placed 1 8 in. beneath the line of 
lowest water ; so that the whole area of the sluice-way was 
idways completely immersed, and the sluice-door itself was so 
constructed that the smallest hydrostatic pressure from the 
inner side, resulting from the external level descending ever 
so. little below that in the reservoir within, immediately re- 
moved it from the whole of the area of the aperture. 

The Figs. 79a and 79^ represent the elevation and side 
view of one of the four self-acting sluice-doors by which the 
reclaimed lands are unwatered, at a scale of y'^ in. to a foot, 
or -^j^. The bearing frame of the door is represented at 
ABCD, composed of iron, and rendered rigid by the cross 
bars E, E ; it is capable of motion upon the axle FG, which 
passes through the eyes of the anchor irons H, H, H, firmly 

Y 
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fixed into the masonry. At a distance of about 2 fl. 4 in. 
below FG is the axle MM, which is the working axis around 
the upper line of the surface of which the door revolves in 
opening and closing. NNN are strong iron stems, firmly con-r 
nected with the straps of the door, having eyes forged upon 
their upper ends, by means of which they revolve upon the 
axis MM. In the side view is shown, at S, a stop forged upon 
the outer face of the stems, and set at such an angle with the 
axis of the door as to prevent its rising higher than the i>osi- 
tion shown in the dotted lines^ Fig. 796, in which the door is 
completely clear of the upper line, or soffit, of the aperture. 

The axis MM is placed at such a level as to be always 
immersed at low- water ; but FG is accessible at low- water of 
all tides, so that the door can be taken off at any low- water if 
required ; a ring-bolt, shown at K, is provided to assist in 
raising in it, the door itself, and the frame by which it is sus^ 
pended, in that case turning around the axle FG. The total 
area of the four openings was 96 sq. ft., the door overlapping 
on every side about 4 in. Stop-gates were provided, so as to 
admit of complete access in case of repairs. 

In order that the sluice-door may rise the instant the ex- 
ternal pressure is in the smallest degree withdrawn, it is neces- 
sary, first, that the specific gravity of the compound mass of 
iron and wood of which the door consists should be equal to 
that of water, and secondly, that the centre of gravity of the. 
sluice-doors be a little above its centre of buoyancy. To give 
full effect to the first condition, it is necessary that the sluice-^ 
door, when in the position shown in the dotted lines, Fig. 79*, 
floating completely clear of the upper line of the aperture, 
should yet be fully immersed in the water. 

The materials of which the door consists are iron and elm 
timber (the latter having great durability under water). The 
specific gravity of iron being 7645, of elm 671 to water 1000, 
we must, to fulfil the first condition above, calculate the bulk 
of each, so that the specific gravity of the door be 1000. If; 
we put /, JB, and C for the weights of the iron, the elm tim- 
ber, and the compound of both forming the door; also, «, e, 
and c for their specific gravities respectively, and, remember- 
ing that the weight divided by the specific gravity in any body 
equals its volume, we have 

(0 I^E^C, 

and 

/ X I E C 

(2) - + — = —. 

^ ' tec 
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As it was easier to adapt the bulk of the timber to that of 
the iron, the mode of proceeding adopted was this : — from the 
•drawings of the design of the siuioe-doors, a complete set of 
all the iron work of one of them was constructed, which, on 
being accurately weighed, were found to be 272 lbs. The 
problem then resolved itself into this, what amount of dryelm 
combined with 272 lbs. of iron, will form a compound struc- 
ture of the same specific gravity as water ? 

We have from (a), JE « C- /, substituting this talue of JE 
•in (b) we obtain after a few reductions, 




therefore, 

from which we must, to obtain the weight of the timber, 
deduct the weight of the wrought-iron straps, &c., or 
727 - 262 =465 lbs., giving the weight of elm, which, at a 
specific gravity 0.67 1 gives very nearly 1 1 cb. ft., or 1 1 
X 1728 a 19008 cb. in., and this divided by the area of the 
sluice-door, 8 ft. 8 in. x 3 ft. 9 in. » 4680 sq. in., gives the re- 
quired thickness, namely, 19008 -f- 4680 ~ 4.06 in. The doors 
were constructed 4^ in. in thickness, or 4*125. 

The second condition for a self-acting sluice-door, namely, 
the distribution of the density, so that the centre of gravity of 
the compound mass should he above the centre of pressure of 
the volume of water displaced, was fulfilled by a small modifica- 
tion of the weight of iron in the stems N, N. Fig. 7 oft gives 
the several distances CG and CB to the centres of gravity 
and of buoyancy respectivelv, namely, 32.625 and 35 in., 
thus the former is 2.375 in. higher than the latter, and hence 
the instability of the door when vertical, which causes it to 
rise instantly on the smallest lateral pressure from within. 

These sluices have been quite successful in practice, ful- 
filling all the objects aimed at in their construction, and are 
perfectly self-acting. To test them, graduated gauges were 
placed, one in the front, the other inside the sluices, and read- 
ing from the same zero ; it was found that the instant the tide 
water outside falls to the smallest degree below the level of the 
drain-water accumulated inside, the doors fiy up to the posi- 
tion shown in dotted lines. Fig. 796, and upon the flood-tide 
making, they close with almost e^ual facility, thus affording 
the maximum discharge by rendering available the whole pe- 
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riod in which the relative levels admit of the water flowing 
out. 

The object of the reservoir already mentioned will be un-* 
derstood, by considering the large proportion of the whole time 
of the rise and fall of the tide that the self-acting sluices must 
remain closed, and the fact, that the water thus impounded in- 
side the embankment must not be allowed to rise so high as to 
injure the reclaimed lands under cultivation. In order to fix 
the ideas ; let us assume a locality where, as at Bally teigue, the 
rise of neap tides is 6 fl., and also suppose this rise and fall to 
be at a uniform rate, which is not far from the truth* Neap 
tides are taken as being less favourable to the discharge than 
springs, which fall as much lower as they rise higher than the 
neaps. 

In sluices of good design, the level of the water at the 
end of the ebb will be the same on the outside as on the in- 
side of the sluices in the reservoir, and at the first of the 
flood-tide the self-acting doors will immediately close, and re- 
main shut during the six hours of its rise, plus such part of the 
six hours of ebb as may elapse until the surface has fallen 
down to the level at which the inner drainage-water now 
stands ; this last having been continuously rising during both 
the above periods of time; and when this, the uppermost 
common level is attained, the doors open, and the discharge 
commences, and continues until dead low-water is reached. 

If, then, we have as data the height of the lowest part of the 
reclaimed lands above low-water, and its necessary elevation 
above the highest surface water of the reservoir so as to be un- 
injured, which must be about a or 3 fl., we can determine the 
height of the highest level that the water in the reservoir 
should be permitted to rise. Thus, at Bally teigue, the lowest 
lands were stated to be about the level of high-water of neaps, 
so that 2 ft. below this, in order that the land may be unin- 
jured, gives 4 ft. as the greatest rise of the inner waters; and, 
consequently, the sluice-doors are closed for 8 hours, — namely, 
6 hours of flood and 2 hours of ebb, the last answering to 2 ft* 
at a uniform rate of rise and fall, so that we would have, with 
these particular data, the sluices shut and drainage- water accu- 
mulating for 8 hours, and fully open and discharging during 4 
hours, and the range of surface of the reservoir 4 ft. 

If then the volume of drainage-waters which collects in 8 
hours be computed, we obtain the superficial area requisite by 
dividing this volume by the range, 4 ft. Take the rain-fall 
as i^in. in 24 hours, and that f of it, or i in., is ultimately 
delivered into the water-courses, we have ^ of an inch in 8 
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hours ; and supposing the total area that drains into the reser- 
voir as 3000 acres, we have this proportion 

4 fl. (or 144 thirds of an inch) : ^ in. : : 3000 : 20.8, 

nearly 21 acres ; but if the main drains through the lands are 
properly formed for such place, they will constitute a large 
part of this area, they should be excavated their whole length 
back at the same level as the bottom of the reservoir, which 
must be somewhat below the line of low-water of lowest spring 
tides* The very small surface inclination that the main drains 
are found to work with, which is about 3 in. per mile, shows 
the importance of having the sills of the sluices as low as pos- 
sible ; if placed i ft. too high this would destroy the drainage 
of 2 miles in the distant part of the district. It will be suffi- 
cient if the soflSt of the aperture be as low as low-water of 
springs, and its area be large enough to bring the water of the 
reservoir down to the level of that outside. 

At Ballyteigue, the soffit was placed 1 8 in. below lowest 
low-water, in order that the whole of the sluice-door might be 
at all times immersed ; and, it is presumed, in order that the 
inclined position in which it floated might facilitate its closing, 
by offering a surface for the action of the flood tide, the cur- 
rent inwards pressing it against the masonry and shutting it. 

The study of the remarkable features of this estuary sug- 
gests the question, — What, if any, is the relation between the 
horizontal area supplied each tide, and the vertical transverse 
area of the entrance channel through which the tide ebbs and 
flows, so that the level of the water in the estuary may be the 
same as that of the sea at high-water ? It is necessary to sup- 
pose the entrance to be rectangular, and the inner basin pris- 
matic in form, that is, with vertical sides, in order to give the 
question sufficiently simple conditions. We may then use 
Hutton's* equation, between the height of the tide a?, supposed 
to rise uniformly, and the height z, that the water will rise, 
in a given time, in a basin of an area A^ the width of the en- 
trance being equal to i, to determine, as in this case, the area, 
when X and z are equal and known, namely, 10 fl., the rise 
of the spring tides. 



This relation is 



.1- V .^1 

5w 



z^ — X rc^, 



in which 

* Tract 38, Problem xxx., Uutton^s Mathematical Tracts. 
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W = 



2i6o''\/i6.oS.b 

in the case of a unifonn rise of lo ft. Now, iiVe make z = x^ 
we find 

-4 = 218,494 X J, 

that is, with 10 ft. rise, 

A = 21,850 X 10 xb; 

or the area of the basin must be not more than 21,850 times 
the area of the entrance channel ; in other words, for every 
square foot of transverse area in the entrance channel we must 
have half an acre in the basin. But the rise of the tide is sel- 
dom uniform, and atthis locality the entrance channel had slop- 
ing sides, and was 4 miles long, instead of a mere rectangular 
opening, and the basin of very irregular shape instead of being 
prismatic, as in the problem. In the Minutes of Proceedings 
of the Institution of Civil En^neers, vol. ix., in the description 
of the Great Grrimsby Coffer l)am, particulars are given of the 
flow and ebb of the tide through a rectangular opening 20 ft 
wide, and a note with calculations by Mr. Beardmore. 

(lvii.) The Ganges Canal, which is represented in the 
sketch map. Fig. 80, at a scale of 75 miles to an inch, is one 
of the earliest completed of the great works of irrigation under- 
taken in Hindostan, and supplies an instructive example of the 
various considerations involved in designing the works for the 
conveyance of very great volumes of water. And first, of the 
physical features of the district. The Ganges, having its 
sources high up among the Himalayas, leaves its mountain 
channel above Hurdwar, Figs. 80, 8 1 , at which point it escapes 
through the Servalie, or lower Himalaya range, into the plains, 
a pure, rapid, and plentiful stream, flowing over a bed of large 
boulders, where it separates into several channels, one of which. 
Fig. 8 1 , passes the Pyree Ghat, and by this channel the supply 
for the canal is brought to a point a mile below Hurdwar. 

The district irrigated by this canal is situated between the 
great rivers Ganges and Jumna, which run in a direction 
nearly parallel to each other, towards the south-east, meeting 
at Allalabad, not very distant from the limit of the map. 

The whole of this great tract has a general slope from the 
foot of the lower Himalayas in the same direction as the course 
of these rivers, downwards to their point of junction. It was 
necessary, therefore, with a view to irrigate it by gravitation, 
to convey the canal of derivation to a point sumciently high 
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to command the whole district which is found contigaous to 
Roorkee, Fig. 8 1 ; and hence the reason of the choice of Hurd- 
war, upon the Ganges, as the locality from which to draw the 
supply. Referring now to the enlarged map, Fig. 8i, which 
has a scale twenty times larger than i ig. 80, we may trace the 
course of the canal for the first 21 miles. At the point already 
mentioned, a mile below Hurdwar, the excavation commences. 
Here a regulator and an escape-dam 580 ft. long is constructed, 
both provided with gates, so that any quantity of water can be 
sent down the canal, or the supply cut off at pleasure. From 
this point the canal, which has a bottom width of 150 it., and 
depth of water of 10 ft., by taking a westerly direction, crosses 
all the hill drainage at right angles ; and on arriving near the 
Katmoo river, by a sharp curve, flows nearly south, crossing 
the Batmoo and the Solani, two of the largest torrents. Here 
the high land of the Doab is reached, and the termination of 
the first or northern division of the canal. 

It was, no doubt, a bold step to convey the canal across 
torrents, one of which discharges upwards of 100,000 cb. ft. 
per second, when in high flood ; but the result has justified the 
attempt. The levels, however, would not admit of the head 
of the canal being situated below the confluence of the Solani 
with the Ganges. 

In determining the present line, the slope of the canal-bed 
had chiefly to be considered. This was a problem of the most 
difficult nature to solve, namely, given a volume of 6750 cb.ft. 
per second to be discharged, to find what was the best trans- 
verse section and inclination per mile, to convey that body of 
water at such velocity as, on the one hand, not to tear up the bed, 
and on the other, to prevent the vegetation, which would arise 
from its being too slow. The section determined on was, bottom 
width 150 ft., with an inclination of 15 in. per mile. This 
slope, it is believed, has since been found rather too great, and 
1 2 in. would probably have been sufficient ; an alteration which 
may be effected by raising the invert or flooring of the bridges, 
without interfering materially with the navigation. 

This is a point of much greater importance than might 
at first sight be supposed ; for on it depends not only the sta- 
bility of the works, but also, in a great measure, the beneficial 
effects of the canal. For, according to the velocity of the water 
over the canal bed, so does the abrading power vary, and also 
the nature of the particles of earthy matter brought down by 
the stream, which must all eventually be spread over the fields. 
If, therefore, the soil becomes covered with a stratum of sand. 
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the canal instead of being a blessing to the country, may prove 
otherwise. 

The slope of the country, for the first 20 miles of the canal, 
rather exceeded 3 fl. in the mile, an inclination far too steep 
to be used in conveying so large a volume of water. The diffi- 
culty was overcome in the same manner as it had already been 
in the reconstruction of the Eastern Jumna Canal, — shown in 
the map, Fig. 80, above Delhi, — ^namely, by introducing 
transverse steps in the line of the bed at certain points, analo- 
gous to those which may be perceived in every mountain 
stream in nature. A reference to the section, Fig. 82, will 
explain this : in it are seen four nearly vertical steps of 9 ft* 
each, and one of 8 ft. at the extreme left of the section, which 
represents the first 2 1 miles of the canal. These falls are mas- 
sive structures, bridged over, and having a profile rounded off 
at top, and hollow below, like an " ogee" curve, having a 
masonry apron in the rear, 70 ft. broad, protected by pdes 
and boxes filled with boulders. 

From the great dimensions of the canal, 10 ft. deep, and 
150 ft. wide at the bottom, and its necessarily moderate velo- 
city, it was evidently adapted to navigation in both directions. 
To admit, therefore, of boats passing these rapids or falls, a 
separate navigable channel, provided with locks, leaves the 
main channel half a mile above the fall, and again joins the 
canal half a mile below. Two are shown on the map, Fig. 
8 1 : one on the east side of the Ranipoor torrent, passing the 
first fall, and the other on the west of it, which passes the 
second, third, and fourth falls, both of these being on the south 
side of the canal ; a third is shown at the fifth fall, below Tho- 
mason College. 

As the direction of the first 20 miles of the canal is trans- 
verse to the general inclination of the land, and cuts the streams 
at right angles to their course, provision must be made for their 
uninterrupted discharge, and, as in the case of railways and 
roads, this may be effected by either sending them under the 
canal, or over it, or using what may be called the level cross- 
ing. The works for this last consist of an inlet, escape-dam, 
and regulator drop-gates across the canal. The inlet is for 
admitting water into the canal when the fiood is so high as to 
force a passage for itself; and the gates are so constructed as 
to open of themselves when the pressure on the up stream 
side of the gates becomes greater than the pressure exerted 
by the water in the canal to keep the gates shut. When this 
takes place, the sluice-gates on the escape are opened, and the 
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drop-gates on the regulator are allowed to fall through grooves 
prepared to receive them, so that no water is permitted to flow 
down the canal during the flood. Thus the whole volume of 
water flowing down the canal, along with that of the river, 
are discharged over the dam, and escape together down the 
bed of the stream. Had any of the flood water been allowed 
to flow down the canal, so great is the proportion of earthy 
matter brought down by these torrents, that the canal-bed 
would soon get silted up. 

The floods, however, seldom continue more than five or 
six hours, and do not occur oftener than eight or ten times in 
a season, so that the inconvenience of cutting off the whole 
supply is only temporary. The average i*ain-fall in this part 
of India is stated to be 42 in. ; but it is not, as in this country, 
diffused over every month of the year ; the greater portion of 
it falls between June and September, and 4 or 5 in. in the cold 
season soon ailer Christmas. On some occasions 13^ in. have 
fallen in 8 hours, and even 3 in. in 35 minutes is recorded. With 
an inclination of 25 or 30 ft. per mile for such torrents, we can 
understand the difficulties of rendering the works ofthecuial 
secure. 

On the section, Fig. 82, are seen three inlets and escapes 
of 50 fib. length, one of 100 ft, one of 150 ft*, and that of the 
Batmoo river, the inlet and escape of which are each 800 ft 
in length, with piers 10 ft. apart, and 10 ft. high, with sluice* 
gates attached, which are made to fall down level with the 
canal-bed when a flood is escaping, which sometimes rises 3 ft. 
above the top of the piers. The regulating-bridge has ten 
water-ways, each 20 ft. broad, and provided with drop-gates 
to prevent any flood-water from passing down the canal. The 
whole of this work is protected by a forest of piles, and an 
enormous number of bottomless boxes filled with boulders. 
The apron of box- work in rere of the escape is 100 ft. wide. 

The river, when not in flood, passes under the canal by a 
double tunnel, upwards of $00 ft. long, thus preventing the 
inundation of the valley to the extent of nearly a square mile, 
where the country is below the level of the surface of the 
water in the canal. 

It had been, at the first, intended to deal with the Bani- 
poor and Puttri torrents by inlet and escape ; but by a well- 
designed alteration in the position of the contiguous falls or 
steps in the bed of the canal, which, from being below the 
point at which the torrent crosses, are now brought just above 
it, so that the bed and surface-water of the canal is lowered 
9 ft., which admits of its being passed under the river, for 

z 
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ivhich a super-passage has been constructed, — that for the Ka* 
nipoor of 300 ft. water-way, with high parapet walls, and for 
the Puttri, 200 ft. ; the canal below having eight water-ways, 
each 25 ft. wide, and a separate water-way for the navigation, 
with locks. 

Lastly, by the aqueduct of Solani the canal is carried over 
this river, which is computed in floods to discharge 100,000 
cb. ft. per second. The aqueduct has fifteen arches of 50 ft. 
span, the length between the abutments is 890 ft., and width 
between the parapets 190 ft. The valley of the Solani is about 
3 miles wide at the crossing of the canal, the bed of which is 
i6^ft. above the line of the country, and formed by an em- 
bankment of earth, the sides being protected by a double line 
of revetments. On emerging from the excavation on the south 
side of the valley, the canal reaches the high land of the Doab 
about the twentieth mile of its course. All these works, em- 
bracing the chief diflSculties, and nearly half the entire cost, 
were but means to an end, that is, the conveyance of the water, 
taken up at Hurdwar, to a point commanding the high land 
of the Doab ; the remaining 870 miles of its course runs pa- 
rallel to the drainage of the country ; therefore, by following 
the watershed line of the district between the (janges and 
Jumna rivers, and their tributaries, which drain the Doab, the 
canal is made to flow along the " backbone" of the country 
without intersecting any cross drainage, and also the water 
can be drawn off for irrigation to every point of the Doab. 
Branch lines are also given off at either side, immediately above 
the sources of those rivers which drain the country, and their 
courses are directed on the same principles as the main trunk : 
this will readily be understood by the study of the map, Fig. 
80, and the sketch section on the line AB. The three irri- 
gating canals are indicated by the marks on the summits or 
watersheds, the natural drainage flowing in the several val- 
leys. 

As in the first 20 miles, so here, falls or steps are built at 
various points along the line, for the slope of the country at 
the upper part of the Doab is somewhat in excess of that of 
the canal-bed ; commencing with an average slope of 2 ft. per 
mile, it gradually decreases, until it is even less then 1 2 in. 
Altogether there are sixteen of these falls on the canal. The 
irrigation-channels are supplied from 282 heads, constructed 
of masonry, at about every 3 miles along the course of the 
main channel, which they leave at a given angle with the 
stream, so as to insure a uniform discharge down all the irri- 
gating lines. Thus the main channel of an irrigating canal, 
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unlike a river, is largest at its soarce, and diminishes in volume 
as it approaches its point of final discharge ; the volume of 
water flowing down the lower portions of the terminal lines 
being about one-twentieth of what it is at the head of the 
Granges Canal. The navigable channel of this canal bifur- 
cates at the 1 80th mile, near Nanoon, into two navigable 
channels, one terminating at Cawnpore on the Granges, and 
the other joining the Jumna, beloAv Etayah, at which point 
the bed of the canal does not exceed 2o ft. in breadth. The 
arrangement for obviating the too great fall in the bed of a 
channel, if constructed identical with that of the country it 
passes through, by a series of falls or steps, as in the Ganges 
canal, may be found in the works of the late Mr. Thorn of 
Greenock. It is also applied on the New Kiver from Ware 
to London, and other hydraulic works. 

This account of the Ganges Canal has been compiled from 
a paper by Mr. T. Logan, C. E., published in vol. v., part 1, 
of Transactions of Koyal Scottish Society of Arts. 

A statement of the discharge of some of the chief rivers of 
the British Isles, compared with that of the Ganges Canal, may 
serve to give a further idea of its magnitude. The canal draws, 
as has been said, 6750 cb. ft. per second from the river, which 
is equal to 405,000 cb. ft. per minute. Now the Shannon, at 
Killaloe, in the driest summers, has been estimated to discharge 
100,000 cb. ft. ; in greatest floods, 1,000,000 cb. ft. per minute. 
The ordinary summer discharge of the Thames, at Staines, is 
about 40,000 cb. ft. per minute ; of the Severn, at Stonebench, 
33,100; and of the Nene, at Peterborough, 5000 cb. ft. per 
minute. The author above-named states that the canal is equal 
to the discharge of the Tay, the Forth, and the Clyde, all put 
together. 

It might, indeed, be doubted if even the Ganges would in 
the dry season invariably afford this immense volume of wa- 
ter, and that too at a time when it was most essential for the 
irrigation of the territory dependent on it, about 5,400,000 
acres, which is one-half larger than Yorkshire ; but this river, 
like others rising in mountains so lofty as to be covered with 
perpetual snow, comes down in great strength from the melt- 
ing of the glaciers and snows, even when no rain may iall, and 
the sun parch up the lowlands. The same remark applies to 
the value of the river Durance for irrigation (lix.), which 
takes its source in the glaciers of the western slope of the Alps, 
and is fed by the melting of the snows in summer. 

Capt. Baird Smith remarks upon the superior value of the 
tributaries of the Po which flow in from the north, compared 
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with those from the southern slopes : the latter, rising in the 
Apennines, which are below the level of perpetual snow, be- 
come dry in the summer season; the former, rising in the 
Alps, on the contrary, afford an unfailing supply to the best 
irrigated district in the world. 

(lviii.) Nearly 8cx),ooo acres on the eastern coast of Eng- 
land, comprising part of the counties of Lincoln, Cambridge, 
and Huntingdon, form what is called the Fen district, and 
being nearly on a dead level, and only from about 8 to 14 fl. 
above the Ime of low-water at sea, — in many parts, indeed, 
actually below high-water line, — are drained with great diffi- 
culty. Several considerable rivers, as the Welland, the Nene, 
and the Ouse, &c., which have their sources in the high land 
surrounding the Fens, traverse the intervening level district 
to their outfalls at the sea. 

The available fall in this latter part of their course is 
extremely small, so that, in improving the natural circuitous 
channels, it is found essential to provide for the due discharge 
of the water by the superior straightness of their courses, and 
large area of their transverse sections. The rate of fall that 
can even thus be obtained is but a few inches per mile* Tel- 
ford and Rennie have completed some successful works on a 
vast scale in this interesting district : that known as the Eau- 
brink Cut will afford, perhaps, the best example of the impor- 
tance of a direct compared with a circuitous course in the out- 
falls of this district. 

The map. Fig. 83, shows the old and winding course of the 
river Ouse, and the New or Eau-brink Cut, that now conveys 
the water, 'and which was completed in 1821. The longitu- 
dinal section is shown in Fig. 84, and below it three transverse 
sections at the points indicated, which give a width at water- 
line of high-water of spring tides of 4 1 2 ft., and depth of 26 ft. 
3 in., and at low-water 3i2ftM and lift. 9 in., taken just 
below Free Bridge. The gain in distance is from upwards of 

5 miles by the circuitous course of the former natural stream, 
to 2i miles, the length of the new cut from Eau-brink across 
the marshes to the town of King's Lynn. The datum of the 
section is the sill of Denvir Sluice, which discharges the water 
of more than 60,000 acres, and is situated up the course of the 
Ouse, about 9^ miles above the commencement of the Eau- 
brink Cut. 

The effect of the impr6vement of the channel has been 
very remarkable : thus the average depth of low- water on the 
sill of Denvir Sluice was previously 9.6 ft., now it is about 

6 ft. less, or 3.6 ft-, and at the commencement of the cut it is 
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firom 8 to 9 ft. lower than formerly. The high-water mark has, 
on the other hand, risen at Denvir Sluice from 11.83 ft. ^^ 
1 3 fl. Moreover, the new channel, as is shown in the longi- 
tudinal section, Fig. 84, and the three transverse sections, has, 
since its opening, excavated its bed from 8 to 1 oil. by the 
scouring action of the flow and ebb of the tide; and not only 
in this part of its course, but between Eau-brink and Denvir 
Sluice ; also, the bed of the river has been lowered on an ave- 
rage 10 ft., and its general sectional area has increased about 
a third. By means of this lowering of the surface of the out- 
fall channel at low-water, a perfect natural drainage has been 
afforded to extensive tracts of lands, previously but ill-accom- 
plished by an expensive and complicated, but ineffectual, system 
of windmills and steam engines. 

Notwithstanding that the navigable channel in Lynn har- 
bour was found to be deepened 7 ft., after the completion of 
this work, yet at this place the low-water spring tides were 
still 5 ft. higher than in the roads at the entrance of the river^ 
owing to the winding course of the channel below the town, 
and the prevalence of bars and banks of sand and mud ; a part 
of which are shown upon the map. Fig. 83. An outfall is 
now, however, in progress from Eang's Lynn to the roads, of 
4 miles in length, which will have the effect of bringing dead 
low-water up to Lynn, and of lowering the water at the end 
of the Eau-brink Cut 5 fl., and ultimately still further benefit 
the lands on each side of the Ouse. 

The old course of the river has been embanked across, and 
warped up ; this last being a simple operation, rendered fea- 
sible along this coast by the quantity of earthy matter in 
mechanical admixture with the sea- water of the coast ; the tide 
being admitted until high-water, a sluice in the embankment 
is then shut, and the water retained until it becomes clear 
by depositing the mud, after which it is let off at low-water, 
and the process repeated with the next flood-tide, and con- 
tinued until the surface of the land is raised sufficiently high 
for cultivation. 

The inclination of the low- water surfisu^ in the river, pre- 
vious to opening the cut, is shown on Fig. 84. Careful obser- 
vations since its completion show that in great floods the 
average fall per mile between Denvir Sluice and Free Bridge, a 
distance of 12 miles, 5 furlongs, was nearly 9 in. per mile on 
the surface of low- water. In summer time the fall has been 
as low as 2.6 in. per mile. 

The River Kene, which also discharges its waters into the 
Wash, and on its northern shore was, previous to 18349 like 
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the Ouse, impeded in its outfall by a confined and tortuous 
channel, and by its high and shifting sands ; the surface-fall 
at low-water for the last 4 miles having been 12 ft., or 3 ft. per 
mile ; in the next i^ miles up stream, the fall was i ft.; the 
next 11^ miles higher, the fall was but 1 ft. 6 in. ; the total 17 
miles giving a total fall of 14 fl. 6 in. It was evident, there- 
fore, that the great impediment to the free discharge of the 
waters of the Nene, and of course to the general drainage of 
the Fens depending on it, lay in the last few miles towards the 
sea; Mr. Bennie, consequently, recommended the river in 
that part to be carried by a new cut, of suitable capacity, 
across the marshes to a point called Crab-hole, 5^ miles m 
length (for the maps and sections of this we refer to Life of 
Telford). This has been completed since 1834, and with re- 
sults exceeding the most sanguine expectations ; the surface- 
fall at low- water is now, for the last few miles, in ordinary states 
of the river, but 2 in. per mile, and in times of land-floods 4 in. 
per mile. 

So confident was Mr. Telford, who wa& en^neer toge- 
ther with Sir John Rennie in the Nene Outfall, of the sue* 
cess of the work, that, before its completion, he undertook 
the North Level drain, a tributary of this river, the cost 
of which was £150,000 ; and, as it opened into the Nene, its 
great depth would have been utterly useless, had the latter not 
been successfully lowered. The result was, that the new chan- 
nel ebbs every day 10 ft. lower than it did in the old channel, 
immediately opposite to the South Holland and North Level 
sluices, which are the outlets for 100,000 acres of fen lands 
lying between the rivers Nene and Welland towards the 
north, and superseding an expensive and complicated, but in- 
effectual, system of windmills and steam engines. 

Among other beneficial results of the Nene Outfall, there 
is now a safe and daily communication by water between the 
town of Wisbeach and the sea, at all periods of the tides 
(both spring and neap), and in all weather, in place of the na- 
vigation through the old channel, which was tedious and dan- 
gerous, and capable only of affording a passage at spring tides, 
and with a favourable wind, to vessels drawing at the utmost 
6 ft. of water, and carrying 60 tons. The spring tides, which 
formerly rose but 4 ft. at this town, now rise 13 it. ; and neap 
tides, which some years ago did not reach the town, now rise 
9 ft. ; the trade of the port, which before the completion of 
the Nene Out&U was not more than 50,000 tons, has since 
reached 108,000 tons per annum. 

This incidental effect of straightening and deepening the 
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outfall of a tidal river, has been made the chief object of 
8uch operations in many parts of England, in which the 
drainage of the contiguoas lands is not required. The Dee^ 
the Ribble, the Clyde, and the Tay, may be instanced, and 
many others (vide "Beardmore's Tables," second edition). In 
these, the improved channels admit the tidal wave with less 
resistance, and both the time and height of hi^h-water more 
nearly approach those of the open sea : the regular inclination, 
easy curves, and uniform lines, and transverse sections of the 
artificial channel, reducing the friction of the bed, and obviat* 
ing the loss of velocity that occurs in an irregular channel. 

Mr. Rickman, the editor of the "Life of Telford," thus 
clearly describes how easily and surely this natural drainage 
of the Fens was effected, in recounting a visit paid to these 
works in August, 1830, in company with Mr. Telford: — 

** If you cut a canal, you are sure that the removal of 
earth, and the usual apparatus of locks, will attain your ob- 
ject ; but the improvement of harbours, and of drainage by 
rivers, depends on the management and direction of natural 
causes and effects ; in which, I may say, observation has been 
so torpid, that till twenty years since, much more harm than 
good had been the result of interference. All the reports of 
Mr. Smeaton, and some made scarcely sixteen years since, prove 
that in large drainages near the sea, natural outlets or rivers 
were always recommended to be stopped by dams and sluices, 
to prevent the tide from entering, which obstacles equally pre- 
vented the drainage water from free passage outward. 

"Three inches fall (downward slope) in a mile makes water 
move slowly ; at four inches' declivity in a mile, water acquires 
a moderate velocity, sufficient for any drainage operation ; so 
that the sill of a sluice, if laid a yard too high, will prevent the 
natural drainage of twelve miles above it (three inches to a 
mile). On the same principle, if a drainage outlet, obstructed 
by what may be almost deemed the caprice of winds and tides, 
and of accumulated sand-banks in consequence, shall double 
its length, and ci*eep through a dubious, crooked channel, it is 
evident that a three or four inch fall may become one inch, 
which is ineffectual. 

" The sound principle which results from these facts is, to 
give free ingress to the tidal water, guarding against inunda- 
tion by raising the bank of your river, and also straightening 
its course, so as to lose no down&ll. This increased downfall 
and increased tidal water is made to bear directly upon the 
old sand-banks ; and if the connexion with deep water can be 
established in this manner, you obtain a harbour of easy ac- 
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0688, and the old-fashioned precarious drainage of land by 
windmills becomes unnecessary, the dams which previously 
hindered daily drainage at low- water being for ever removed. 

" All this was to be seen in progress below Wisbeach and 
Long-Sutton-bridge ; and the impetuous outfall of the water, 
in the recess of a spring tide, had forced its way through the 
sands in the beginning of August, 1830. With a view to 
this event, the old channel of the river Nene had been boldly 
dammed across in the middle of July, and the current turned 
into the straight cut prepared for it. All this constitutes the 
* Nene Outfall.' When I saw it meet the sea, four miles be- 
low the wash way (now the drawbridge at Long-Sutton), at 
three-quarters ebb, the torrent rushed down four feet in the 
last quarter of a mile : this, of course, carries off the sand 
daily ; and, by the law of nature, the four-feet fall will recede 
inland, until nearly a uniform inclination or slope shall pene- 
trate to Wisbeach, which may become a seaport of import- 
ance; and above it 180,000 or 200,000 acres of fen-land will 
retain nothing of its hithei*to nature, except unparalleled fer- 
tility."— (Life of T. Telford, 1838.) 

This additional excavation of the bed of the new outfall, 
both here and at Eau-brink, by the scouring action of the 
current, seems to have been part of the original design, and 
not an unlooked-for advantage ; it is only applicable when, as 
here, the material is carried into the sea, and by the action of 
the tides removed from the mouth of the channel. The ori- 
ginal dimensions of the upper end of the Nene Outfall cut 
were 410 fl. wide at top at the level of high-water of spring 
tides, 250 ft. wide at bottom, and 20 ft. deep ; giving a trans- 
verse area of 6600 sq. ft., more than 1000 sq. ft. greater than 
that of the Eau-brink. The low-water surface in this outfall 
was nearly 5 ft. lower than that of the Eau-brink cut, for we 
have seen that low- water of spring tides was at King's Lynn 
5 ft. higher than that in the open in the Wash ; but in the Nene 
Outfall dead low-water has been brought up, all but a few 
inches, to the inner end of the new channel, a most important 
difference in the drainage of the lands on each side. As in 
the Eau-brink, here also the works of the new cut have enclosed 
and reclaimed the large area of the former channel, more than 
an equivalent for the quantity used in excavating the new 
line. The expense of executing these works was, for the Nene 
Outfall, £200,000; for the North Level drain, £150,000; 
and the Eau-brink cut, about £200, 000; and the ultimate gain, 
direct and indirect, is estimated at double the cost incurred. 

(lix.) The city of Marseilles is now supplied with water 
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derived from the river Durance, one of the tributaries of the 
Rhone, having its source in the glaciers on the western slopes 
of the Alps. The water is taken off at a point near the bridge 
of Pertuis, 614 fl. above the Mediterranean, distant 28 miles 
from Marseilles in a direct line ; but, from the circuitous course 
of the artificial channel, that distance is increased to 5 1 miles. 
In this length the total fall of the aqueduct is 123.5 ^^'» which 
still leaves a height of 490.5 ft. above the sea-level, at a point 
near the village of St. Antoine, where part of the water is 
applied to the irrigation of about 20,000 acres of land, on the 
arid slopes of the hills which nearly surround the city, part 
being used for mill*power; and part, after passing through 
settling reservoirs and filter beds, is used for domestic supply, 
fountains, &c., the distributing reservoirs being about 240 ft. 
above the sea-level. 

The total fall above-mentioned gives an average inclina- 
tion of 2.437 ft. per mile, or i in 2166.6; but this was very 
unequally distributed, and with great skill, by the engineer, 
M. Mont-Richer. ' ' 

Wherever large structures of masonry became necessary, 
the rate of inclination was increased, in order to effect the dis- 
charge of the same quantity of water through a smaller sec- 
tional area ; and in the tunnels, which were very numerous, 
as also in rock excavations, the sectional area, and conse- 
quently the expense of the works, was reduced, by adopting in 
such parts of the course inclinations much greater than in the 
excavations and embankments formed in ordinarv earth, — the 
same cause which rendered such parts of the line expensive 
to form, namely, the higher cohesion of the material, ren- 
dering them also able to resist the action of the increased 
velocity of the water, and still more so when the sides and 
bottom consist of masonry. Figs. 85 to 90 inclusive, repre- 
sent the transverse sections used in these difierent situations 
(with the corresponding inclinations written above them), at 
a scale of 5 ft. to i in. 

From the statement of the engineer, it appears that the 
law authorising the construction of the canal permitted only 
199.3 ^^' ^^' V^^ second, to be taken from the Durance during 
the period of low- water, but during all other periods 346.64 
cb. ft. per second. 

The works are designed to convey 416 cb. ft. per second, 
at the highest line they admit of. The above numbers, ex- 
pressed in cb. ft. per minute, give, in round numbers, 12,000, 
21,000, and 25,000 cb. ft. per minute. 

It will be perceived from the dimensions figured on the 

2 A 



1 



l>jS BXAMPLBS AND 

transverBe Bection in earthwork, Fig. 85, that the side slopes 
are inclined at 1^ to 1 ; and therefore their length will be to 
the depth as 5 to 3, p. 140 ; and with the depth of 1.5 metres, 
each slope will be 2.5 metres in length, and the wetted border 
8 metres. The mean width will be 5 metres, and consequently 
the area 7.5 metres square; and the hydraulic mean depth 
equal to 7.5 -?- 8 « 0.9375 metres. In English measure it be- 
comes 80.74 sq. ft. -f- 26.25 « 3.076 ft.; and from equation 
(c), § 112, we We 

V « 100 J-— >^ 3*076 « 3.04ft. per sec: 

this, multiplied into the area, gives 80.74 x 3.04 = 245.45 cb. 
ft. per second, or 14,727 per minute, about 3 per cent, greater 
than the result of M. Mont-Kicher, who calculated by the 
formula, 

V = 56.86 J-^ X 0.9375 " oo72> all in metres. 

With the depth of i metre, we have the border equal 
6.33 metres, and the area 4.33 square metres, which gives 
0.684 nietres for the hydraulic mean depth. 

In the open cutting in rock, Fig. 86, it is evident from 
the figured dimensions that the inclination of the side slopes 
is -j-\yth to I ; hence at the depth o f 1.5 metres the length of 

the side slope will be y/ 1.5* + 0.15' = 1-5075, so that the bor- 
der will be equal to 5.52 + 2 x 15075 = 8.535 iJ^etres. And 
the bottom width being 5.52, the top water line at 1.5 depth 
becomes 5.82, half the sum of which widths, multiplied into 
1-55 gives 8.505 square metres for the area, or 91.55 sq. ft., 
and 8.505 -r- 8.535 = 0.9965, the hydraulic mean depth in 
metres «= 3.2695 ft. ; hence 

V = 100 ^— ^ X 3-2695 = 100 X 0.03 13 = 3.13 ft. per sec, 

J ^ J J 

and thus the discharge equal to 3.13 x 90.55 « 283.4 cb. ft. 
per second, or 17005 cb. ft. per minute. 

The fall over the bridge aqueduct has been made as great 
as I in 250 ; and with a channel whose transverse section, at 
1.5 metre in depth, is equal to 3.225 sq. metres, and the wet- 
ted border 5.015 metres, giving an hydraulic mean depth 
equal to 0.643, ^^^^ ^^ 2.1097 ft. ; hence the mean velocity is 



100 J~- X 2.1097 -9.186 ft. per second, 
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which, multiplied into the area 34*72 sq. ft., gives 318.94 cb. 
ft. per second, or 19 136 cb. ft. per minute. 

This remarkable structure has a total length of 1290 ft. ; 
the extreme height is 265 ft. 9 in. ; the average being 174 ft. 
The surface exposed to view in the elevation is 224,200 sq. 
ft. The total cost, after the sale of materials used in the 
work, was £148,000, or £558 10*. per foot run, or 13.2 
shillings per square foot of elevation ; the pressure on the 
base of the foundations amounts to 2 10 lbs. per sq. inch, or 1 3.5 
tons per sq. ft. 

Like the celebrated Pont du Gard, this aqueduct consists 
of three tiers of arches; and though this work is that which 
has chiefly drawn attention to the canal, it seems doubted by 
competent judges whether it was necessary to carry the bridge 
aqueduct to so great a height ; and, even if brought up to 266 
ft. at the highest, whether a single series of arches, so fre- 
quently adopted in railway viaducts, would not have been 
more economical, and sufficiently secure, inasmuch as the con- 
veyance of uniformly-flowing water causes none of that vibra- 
tion incidental to the passage of rapid railway trains. 

On the Croton water-works, which supply New York, the 
water is carried over the Haarlem river, a navigable arm of the 
sea, in pipes, supported on a stone aqueduct. The height of 
the soffit of the arches is not more than that demanded by the 
authorities having charge of the navigation : this height is 
below the line of the uniform slope of the bottom of the cul- 
vert produced across the river. Accordingly, a cast-iron pipe 
receives the water at the upper end, and, bending down to the 
level of the masonry, rises on the opposite side, delivering the 
water at a height 4 ft. lower than that at which it was re- 
ceived. 

By this design the masonry is greatly reduced, with a loss 
of head in the channel of only 4 ft. It was evidently impos- 
sible in this peculiar locality to have carried the cast-iron pipe 
down to the bottom of the valley, and up the opposite side, as 
has been done in so many modern works, as, for instance, at 
the recently opened water-works from Loch Katrine to Glas- 
gow, on which several valleys are crossed by a cast-iron pipe 
4 ft. in diameter, the difference of level between the two ex- 
tremities being such as to give an inclination of i in 1000. 

In the section of the tunnel lined with masonry, Fig. 90, 
the slopes of the sides are evidently, as in Fig. 86, at -^^th to 
I ; and therefore, for a depth i .50 metres, the length of each 
is 1.5075, also the length of the arc of the invert will be 
3.0244 metres; for, as the half chord is 1.5, and the versed 
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sine 0.15, the radius will be 7.575 metres; that is (1.5' 4- 0.1 5') 
-^ (a X o.ic), and the circumference « 2 x 7.575 x 22 -f- 7 
a 47.614, which will be to the length of the arc of the invert as 
360° is to the degrees, &c., in the invert: this last is obtained 
from the nat. sin. of half the invert, which is 1.5 h- 7*575 
« 0.198, answering to 11^ 26', so that the arc of the invert 
contains 22^ 52'. Thus the total border will be 6.04 metres. 
In like manner, the area of the segment is equal to the 
difference between the sector of that number of degrees, ra- 
dius being 7.575 metres, and the isosceles triangle whose base 
is the chord 3, and the sides 7.575 ; the area of this triangle 
is, therefore, 7.56 x 1.5 » 1 1.34 square metres. Now the area 
of the sector of :^i^^ 52', and radius 7.5751 is 11.455 square 
mStivi^, for the area of the whole circle is (2 x 7.^75^ x 0.7854 
» 180.339, and the sector is the same part of this that 22^'5:t' 
is of 360®, or as 1372' is to 21600'. The area of the part in- 
cluded between the chord and arc of the invert is therefore 
11.455 - 11.34 B 0.115 sq. metres, which must be added to 
that of the trapezium between the water-line and the chord- 
line, which has for its mean width 3*3 + 3 -^2 = 3. 15, and 
the depth being 1.5, gives the area of it 4.725 sq. metres, so 
that the whole transverse area is 4.725 + o.i 15 <= 4.84 sq. me- 
tres, or 52.1 sq. ft. The border being as above 6.0394, we 
have the hydraulic mean depth 4.84 -f- 6.0394 <= 0.8014 
» 2.6294 ft* Hence the mean velocity equals 



100 Jj^ ^ 2.6294 « 5.128 ft. per second ; 

this, multiplied into the area, gives 267.2 cb. ft. per second, or 
16032 cb. ft. per minute. 

The tunnel, not lined with masonry, and of a fall, as 
above, of i in 1000, has, from the dimensions figured, slopes 
of very nearly J^th to i, so that, for the depth of 1.50 me- 
tres, the length of the sides will be 1.5075, and the border 
4 + 2 X i*5oy5 « 7.015, and the area 6.225 ^4* metres; hence 
the hydraulic mean dfepth is 0.8874 metres, or 29 ft*, and the 
mean velocity 

xoo J«j^ X 2.9 « 5.4 ft. per second, 

which, multiplied into the area 65.77 ^Q* ft*» gives 355*158 cb. 
ft. per second, or 21309.5 cb. ft. per minute. 

Though, at a depth of i .5 metre in each different channel, 
the volumes are thus different in amount ; yet when Figs. 85, 
86, 87, are running 2 metres deep, Figs. 88, 90, at 2.10 metres. 
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and Fig.89 at 1.80 metres in depth, that is, about the greatest 
each respectively admits of, the discharge will be in all very 
nearly equal, and about 25,000 cb. ft. per minute — the greatest 
volume permitted by law being 21,000. 

In the discussion upon the paper giving an account of the 
works in this example, Mr. Simpson, Engineer-in-chief of the 
Bristol Water- works, gave a description of the construction 
by which he carried the supply of water for that city across 
several valleys which intersected the line, — a wrought-iron 
oval tube, of the form and dimensions shown in Fig. 95, form- 
ing at once the channel of conveyance and the beam support- 
ing the weight between the piers. Speaking of one of these, 
he says— 

" The aqueduct was continued across the Coombe, or ravine, 
by means of an oval wrought-iron tube, 354 ft. in length, sup- 
ported at intervals of 50 ft. on piers of masonry, nearly 60 1%. 
in height. The internal dimensions of the tube accorded with 
those of the stone aqueduct ; and the ends were connected with 
it by means of stone tanks, and collars of clay puddling, 10 ft. 
in thickness, in which the ends were embedded, so as to allow 
for any expansion, or contraction, and to prevent leakage. The 
tube rested on cast-iron saddles, fixed to the piers and abut- 
ments ; and provision was made in the saddles, by means of 
friction balls, to allow of the tube expanding and contracting 
with the variations of temperature, each way from the centre 
saddle, which rested on a pier of equilibrium. The balls of 
the centre saddle admitted of slight motion laterally, but pre- 
vented the tubes moving end-ways in either direction. 

The following were the dimensions of the tube, of precisely 
similar construction, across the valley of Leigh Down : — 

Length of wrought-iron tube, .... 834 ft. 

Length of aqueduct between abutments, 800 ft. 

Span from pier to pier, 50 ft. 

Greatest height, 40 ft. 

Total cross sectional area of oval tube, 13 sq. ft. ; water 
area, 10 sq.ft.; fall, i in 1056, or 5ft. per mile; capability 
of the aqueduct for carrying water ( 10 sq. ft. transverse area), 
2200 cb. ft. per minute, or 20,000,000 gallons per day; and 
therefore the wetted border is 7.44 ft., and hydraulic mean 
depth, 1.344 ft. Weight of iron tube, 84 tons; weight of 
cast-iron saddles, &c., 26 tons ; weight of water, 230 tons : 
total weight on piers, 340 tons — ^giving a pressure on the ma- 
sonry of about It tons per sq. i\. 
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Cost of tubes, saddles, bolts, &c., fixed, £2617 
Cost of masonry, &c., 2000 



Total cost of aqueduct, . • £4617 

Cost per lineal foot, £5 10*. 

The wrought-iron plates of which the tubes were composed 
were f ths of an inch thick at the bottom, and y^ths of an inch 
thick at the top. The section was oval, the transverse dia- 
meter being 3 ft. 9 in., and the conjugate diameter 4 ft. 7 in. 

Very light and efficient aqueducts were thus formed, span- 
ning these wide valleys at a cost not exceeding £14 to £16 
per lineal yard, including all expenses. 

The aqueduct and tubes were of sufficient capacity to con- 
vey a larger quantity of water than the cast-iron pipes of 30 in. 
diameter, which were laid between these valleys and the city ; 
the dimensions of the former having been in some degree de- 
cided by the minimum area in which a man could conveniently 
work. 

In forminga tube of wrought-iron plates, which are always 
joined by riveting, it is necessary that a man, called a holder- 
up, remain on the inside, while the rivetters on the outside by 
hammering form the head upon the rivet : it is with reference 
to this, that the remark mentioned above, as to the internal 
dimensions of the tube, was made. Each line of cast-iron 
pipes was calculated to convey 8,000,000 of gallons of water 
per diem, and the land purchased for the pipe-track was of suffi- 
cient width to admit of another line of pipes at any future time. 

It was stated that the large fall of j ft. per mile for the 
aqueduct in masonry, and in the wrought-iron tubes, and that 
of 10 ft. per mile for the cast-iron pipes, 30 in. in diameter^ 
was adopted with a view to meet, by a high velocity, the dan- 
ger of incrustation ; the water being derived from the lime- 
stone district of the Mendip Hills. The result has been per- 
fectly satisfactory in this respect. 

It may be confidently stated that no English engineer 
would adopt, with their command of, and experience in, cast 
and wrought-iron, a design such as that at the Aqueduct of 
Koquefavour, and would probably have crossed that valley at 
one-third of the expense incurred. If the line of the water- 
surface crossed a valley at an extreme elevation, a metal 
pipe would have been bent downwards on one side to some 
convenient depth, led across the valley, and again upwards, 
leaving sufficient fall between the entrance and delivery of the 
pipe to insure a sufficient discharge, as practised on the Glas- 
gow and also the New York Water-works. 
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(lx.) The transverse sections, Figs. 91 to 94, represent 
the forms of the channels used by the Commissioners of Drain- 
age in Ireland in their Main Drainage works, the object of 
which was the lowering of the beds, so as to keep down flood- 
water line in rivers, and straightening and improving their 
courses, so as to give a more ready discharge for the waters of 
unusual rain-fall. Many considerations arise in any attempt 
to improve the course of a river, independently of the property 
question, which is sure to occur ; for the centre line of streams 
being very frequently the boundary, not only between coun- 
ties, parishes, or other denominations, but also between private 
estates, the rights of corporations and individuals are unavoid- 
ably interfered with in rectifying a circuitous channel, or low- 
ering a mill- weir : these matters must either be arranged by a 
general or special Act of Parliament, or by an agreement among 
all the interested parties. Not only these intricate questions 
arise, but what may be deemed the physical characteristics of 
the river demand a close attention. 

Every river has a special and well-defined territory, which 
it drains ; the boundaries of it, or its water-shed line, are not 
always marked on maps, unless they happen to coincide with 
some territorial division ; nevertheless, they are as well-defined 
upon the surface of the earth as the lines of the water-courses 
themselves. In fact, upon the irregular surface of the earth 
we may recognise three descriptive lines — the contour, or ho- 
rizontal line ; the line of the water-courses, that is, the valley 
line or thalweg ; and the line of the water-sheds: these last two 
having the property of being always perpendicular to the for- 
mer, and being, one the steepest possible, the other the least 
inclined that can be drawn with that condition. 

If, then, measurements of the rain-fall be taken by the 
rain-gauge, extending over many years, so as to obtain a true 
average annual fall, we may calculate the total volume descend- 
ing on the particular territory, or catchment-basin as it has 
been called, of the river. 

It will be necessary, in the next place, to estimate what 
portion of it is lost by evaporation, &c. ; this depends on the 
character of the surface, as to its slope, and as to its material 
constituents. The more rapidly the rain-fall is delivered off the 
surface into the channels, and the more rapidly they discharge 
it, the less is lost by evaporation. A bare and rocky surface 
acts like the roof of a house, or a district consisting of a closely 
built city, the paved streets of which, and the roofs of its 
houses, discharge suddenly almost all its rain-fall, leaving very 
little to be evaporated ; on the other hand, a surface of spongy 
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peat, porous chalk, or cultivated land^ retains for a much longer 
time the moisture it receives, and therefore gives off a large 
proportion of it by evaporation. In addition to the character 
of the surface, as more or less retentive,* the inclination of the 
bed of the stream has also a marked effect in this respect : an 
inconsiderable rate of fiJl, and the occurrence of lakes along 
the course, are greatly fiivourable to evaporation, and conse- 
quently modify very materially the volume of water to be con- 
veyed down the water-course. 

Many circumstances concur to render Ireland peculiarly 
adapted as a field for the beneficial exercise of this branch of 
civil engineering. If we look to the map of Europe, we per- 
ceive Ireland stretching westward into the Atlantic Ocean 
beyond all other lands ; and from its insular position, and ex- 
posure to the prevuling winds from south and west, which 
come in from the ocean charged with moisture, we find the 
average rain-fall very great. It may be ^estimated at 36 in. 
for the whole island, and is probably 40 on the western coast, 
of which it is supposed that about f rds are lost by evaporation, 
and only ^rd flows down the rivers. 

And, secondly, though the geological structure of Ireland 
is similar to that of England, yet the relative geographical po- 
sition of the different rocks is essentially different. In England, 
the mountain ranges, consisting of the primary and transition 
classes, are situated near the west coast, and the newer strata 
are successively accumulated on each other to the east and 
south, in which directions the country is comparatively flat. In 
Ireland, on the contrary, the coast is for the most part moun- 
tainous, while the interior is flat, and rarely presents hills of 
considerable elevation. Thus we find the primary mountains 
of Antrim, Derry, and Done^, occupyinff the north and 
north-west coasts ; those of Sligo, Mayo, Gfdway, and Kerry, 
the west and south-west. The slate districts of Cork and 
Waterford form the south and south-west ; while the moun- 
tains of Wicklow, Louth, and Down, are situated on the east 
coast. 

These mountain tracts rarely extend more than 20 miles 
inland ; and we find the interior, with trifling exceptions, com- 
posed of flat or gently-swelling plains of limestone, covered by 
a rich and fruitnil soil. This peculiar conformation of the sur- 
face has been the origin of the great number of rivers with 
which the coasts abound ; they have their sources in the neigh- 
bouring mountains, whence they flow, in short but rapid 
courses, directly to the sea. The rivers of the interior, on 
the other hand, flow but slowly through the flat limestone 
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districts which occupy two-thirds, at least, of the sur&ce 
of the island. And although summits intervene between the 
valleys of the several rivers, still these summits are so low, and 
the ascents so gentle, that to an inexperienced eye the whole 
country appears to consist of one uninterrupted plain. 

The Grand and Boyal Canals each traverse the island 
from eastto west, across part of the limestone plain ; the summit 
of the former is only 270 ft., and the latter 310 ft. above the 
mean sea-leveL The general average height of this flat lime- 
stone plain may be set down at about 350 ft. above the sea, 
though wide areas are found, which do not rise above 250 ft. 

The Shannon forms the most striking example of the rivers 
of the interior flowing slowly through tne flat country. This 
river has its source in a limestone cavern, situated in the val- 
ley of Lough Allen ; it issues from a circular gulf, about 50 ft. 
in diameter, and at once assumes the character of a consider- 
able stream ; the lake itself is generally considered to be the 
head of the Shannon, though 5 miles south of this source. 
Lough Allen is elevated 160 ft. above the level of the sea, 
while the course of the river to the tide- way at Limerick is 
140 miles in length, which ^ves an average fall of but i ft. 
2 in. per mile ; but this average, small as it may appear, is 
not equally distributed, as the greater portion of it, amount- 
ing to 98 ft., takes place between Lougn Derg and Limerick, 
near Castleconnell, a distance of but 1 5 miles, leaving a fall of 
only 62 ft. between Lough Allen and Lough Derg, in a distance 
of 1 27 miles, which is rather less than 6 in. per mile ; and, fur- 
ther, part of this distance, between Tarmonbarry and Ba- 
nagher, nearly 40 miles, falls but 8 ft., or 2.4 in. per mile. 

And not only is the longitudinal inclination of the bed 
thus exceptionally low, but, transversely, the country on each 
side is nearly level ; and the tributaries of this river, traversing 
these wide flats, have also very sluggish courses, and partake 
of the character of the main stream. Extensive works have 
recently been completed on the Shannon, intended to render 
it navigable : and, partly with a view to reduce the evil of 
inundations, the crests of the weirs have been greatly length- 
ened, and lowered, and the bed of the channel dredged. The 
latter object has not, however, been attained ; and it maybe pre- 
sumed that the inundations to which the bordering lands are 
still liable may be, in a great degree, referred to the effect of 
the main drainage of its tributaries, and their lesser branches, 
which have, subsequently to the Navigation Works, been im- 
proved, and thus, as will be mentioned below, send down in a 
shorter space of time the rain-fall of the upper districts, giving 

2 B 
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to the main stream a volume of water which even the in- 
creased discharging powers of the navigation cannot cope 
with : the floods may last a shorter time, but they rise as high 
as formerly, and are equally injurious. It is difficult to ima- 
gine a riVer-course more favourable to evaporation than that of 
the Shannon, expanding as it does for a large part of its length 
into wide lakes, and having on each bank extensive flats, con- 
sisting either of clays of retentive character, or extensive bogs. 
This evaporation lowers the temperature of the atmosphere and 
of the land alike, and one important benefit resulting from the 
general drainage of such districts is the counteracting of this 
disadvantage. 

The other rivers of the interior, including the large tribu- 
taries of the Shannon itself, though generally having a greater 
inclination than it, must yet be considered as very flat, and 
requiring the regulation and improvement of art. 

Thus, from the great amount of rain-fall, and the level cha- 
racter of the surface of the country combined, the rivers of the 
interior of Ireland derive their tendency to rise above their 
banks, and inundate the low and level lands on either side. 

The engineer, whose duty it is to benefit the lands on each 
bank of a river, by regulating its highest flood- water line to 
a certain depth below the surface of the district through which 
it flows, finds the estimate of the maximum rain-fall in some 
short period, as 24 hours, of higher importance than the deter- 
mination of the true annual mean : this last is more essential 
when great storage and compensation reservoirs are about 
being formed for the supply of cities, and the compensation of 
the mills for the quantity thus drawn off. In many places the 
greatest recorded floods have been observed to take place 
when, after a deep fall of snow, a warm southerly wind brings 
a heavy continuous rain ; the snow already covering the ground 
is thus melted, and flows off with the rain, in effect as if both 
had fallen simultaneously. 

Notwithstanding the ever- varying quantity brought down 
from day to day, we may consider that an equilibrium has, in 
• the lapse of time, been formed between the erosive action of 
the descending waters and the resistance of the soil through 
which it flows ; thus a light or alluvial soil will be found tra- 
versed in a tortuous and winding course, effectively diminish- 
ing the rate of inclination per mile by lengthening the course, 
until, in all the usual volumes carried down, the' bed may be 
said to remain unaltered ; and were the annual rain-fall deli- 
vered off at a uniform rate, this equilibrium would be undis- 
turbed ; but a sudden flood, by its swifl and impetuous motion, 
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euts into the banks and bed, effecting at times a lasting change 
in the course on its subsidence. 

Hence it is that, in attempting to improve the courses of ri- 
yers, such caution is required ; for if this balance between the 
cohesion of the soil of the banks on the one hand, and the 
erosive action of the flowing water on the other, be disturbed 
to any extent beyond very narrow limits, we can look for no 
permanency in the works after their completion. And again, 
if, as is frequently the case, the upper districts of a river, or 
some of its branch streams be straightened and lowered, the 
flood- waters from such portions are delivered down much more 
suddenly than formerly, to the great injury of the lands and 
mills on the lower part of the course. It has also occurred 
that one tributary of a river, entering its course at a certain 
point, discharges all the flood-waters of a heavy rain-fall before 
the rise in the main stream, from the same cause, has de- 
scended so far. Now, the rectification of the upper part of the 
river may make its rise at the point ofj unction coincident with 
that of the tributary, to the injury of the lower reaches, and 
danger of the bridges and mills. Indeed, the field or thorough 
drainage of the country, independently of any interference with 
the river channels, has, when very generally carried out in 
the catchment basin, been observed to alter in a material degree 
the character of the streams proceeding from it. The floods 
are much more rapid and impetuous, but last for a much shorter 
time ; and in periods of dry weather, on the other hand, the 
quantity flowing down at low- water is diminished. It is pro- 
bable that on the whole the volume discharged is larger, after 
such improvements, than it was formerly, since less is un- 
doubtedly carried off by evaporation. 

In the " Life of Telford," an interesting confirmation of 
the above remark occurs. One of his earliest^works was the re- 
building the bridge over the Severn, at Buildwas, about lo 
miles below Shrewsbury. 

The old bridge, which was probably 500 years in exist- 
ence, consisted of narrow arches, which were a great obstruc* 
tion to the navigation, and it was destroyed by an uncom- 
monly high flood in the year 1795* 1*^6 Severn bridges were 
peculiarly liable to this danger ; K>r, while the low lands at the 
foot of the Welsh mountains remained unenclosed, the floods 
speedily covered the flat ground, not deeply, but to a great 
extent of surface, and drained off gradually ; but after these 
lands were embanked, and the floods were thus confined to the 
natural channel, they rose in it to a greater height than for- 
merly, and passed off with greater velocity ; thus the bridges 
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were endangered, and the navigation injured, there being too 
much water at one season, and at another not enough. 

Subsequently, when engaged on the Caledonian Canal, be 
was led to contrast the character of the Ness, which supplies 
the summit level, with that of the Severn. The former has on 
its course several considerable lakes, which, acting as reser- 
voirs, receive the sudden floods of a mountainous district ; and 
their surfaces, gradually rising, as gradually subside after the 
cessation of the rain ; the important element of a lengthened 
time of discharge being introduced through the agency of the 
extended area of the Iskes. 

Sir Humphrey Dayy. many years dnce, in a work on &h. 
mg, named ^* Salmonia," remarked on the alteration that th6 
under-drainage of the farms had produced in the streams in 
Scotland in which he followed this amusement ; the rain being 
all delivered off very rapidly, and in fine weather the beds of 
the water-courses becoming nearlv dry. In parts of France 
and Italy, the cutting down of forests on the slopes of the 
mountains has altered the character of the rivers flowing from 
them, rendering more fre<juent and destructive the inundations 
of the plains through which they flow. 

Thus we readily perceive that the progress of cultivation 
and agricultural improvement tends to produce injurious alte- 
ration in the streams flowing from such districts, and calling for 
the aid of art to remove or mitigate their efiects. And it also 
appears that the work undertaken should be universal over the 
whole district of a river, and not confined to one or a few of 
the tributaries, or to its upper districts only ; for then we should 
but increase the first-named evil, and deliver ofl* still more 
rapidly that volume of water wUch the improvement of the 
lands had already sent down, in a very much diminished space 
of time. 

In general, the longitudinal section of a river, fi*om its source 
to its termination, has a much greater inclination in the upper 
reaches ; and, gradually decreasing in the rate of fall, as its vo- 
lume is augmented, presents a curve convex to the horizontal 
line drawn through the lowest point. If this section be taken 
along the centre une of the course, we find that the bottom of 
the bed, though conforming to this curve in general, is yet a 
very irregular line; the sections Fi^s. 79 and 84 will give 
some idea of it. It must be remarked, however, that the sec« 
tions of the beds of rivers, being more exaggerated in the ver- 
tical scale than other engineering profiles, give, perhaps, a too 
great idea of the unevenness. The study of the plan and 
transverse sections of a stream will beet explain this fact, so 
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unfavourable to the discharging power of the channel. Now, 
it is always found that in the bends of rivers the concave side, 
as at A, A', Fig. 96, is deepened by the action of the current 
eroding both the bed and the bank, as in the transverse section ; 
the same thing occurs at the succeeding curve, as at C, C ; 
and in the intermediate part, as B, B', the water flows in a bed 
symmetrical on each side of the centre line, more in the manner 
shown in the transverse section with the same letters. The 
longitudinal section on the centre line, Fig. 97, results from 
these well-established facts, — being shallower at B, B', and 
deeper at the curves, — ^though the section on the central line 
does not give the deepest portion, which is found still nearer 
the concave bank. 

It is well known to military engineers that the best direc- 
tion for attempting to ford a nver is in a line as a, a\ that is, 
on the shallow bank between opposite sinuosities, and in this 
part ako are found the greatest obstacles to the navigation of 
the stream. 

Thus the longitudinal section, Fig. 97, exhibits, not a uni- 
form curved line for the descending bed, but frequent depres- 
sions and elevations succeeding each other ; the causes of this 
result of moving water must be sought in the absence of a ho- 
mogeneous structure in the clays or gravels through which the 
stream flows, and in the continual alternation of the volume 
passing down between the limits of great floods and lowest 
water. 

The following Table gives the ratio between the lowest and 
highest states of the rivers named. It must be remarked that 
some uncertainty necessarily attends the estimate of the latter 
quantity : — 



BritUh. 



Shannon, 
Tyne, . 
Tay, . . 

French. 

AUier, . 
Garonne, 
Loire, 
Rhine, • 
Saone, . 



Place of Obflenratioii. 



Kill aloe, . . 
By ton Island, 
Perth, . . 



Le Gu6tin, . . 
Toulouse, . . 
Briare, . . . 
Kehl, .... 
St Jean de Losne, 



Cb. ft at 


Cb. ft. in 


Ratio. 


low-water. 


high floods. 


100,000 


1,000,000 


10 


16,025 


1,923,000 


120 


20,000 


660,000 


33 


565 


211,920 


375 


1271.5 


201,324 


158 


1 130 


353»200 


3'2 


13,422.6 


166,004 


12 


1032 


28,256 


29 
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The Nile ftnd the Ganges are estimated id have a ratio of 
5 to I between their highest discharge and ordinary flow. 

Mr. Jessop, an eminent canal engineer of the beginning of 
this century, in reporting on the suppfy of water to be obtained 
from the natural streams at the two summits of the Grand 
Junction Canal, where it crosses the two ridges of hills in the 
secondary formations, north of London, gives some curious 
practical remarks with reference to the variable quantity of 
water to be found in the streams flowing from different dis- 
tricts, according to the season: — ^^In a clay soil, such as at 
Braunston, the extremes of wet and dry seasons differ as much 
as one thousand to one ; in chalky and gravelly soils, the dif- 
ference is seldom more than as four to one ; for in the former 
case heavy rains produce great floods, and little is absorbed ; 
in the latter case, there are seldom any floods, for almost the 
whole are absorbed ; and it only operates for a while to^increase 
the supply by the springs, which may be considered as the 
discharges of natural reservoirs, dispensing frugally for many 
months what would be lavished from the surface of clayey soil 
in a few days." 

In fact that one-third of the total rain-fall, which is com- 
puted to flow down the water-courses, divides into two portions : 
one passes immediately from the surface of the ground to the 
valley lines and rivers ; the other, percolating through the soil, 
at length reaches the same destination, but through the inter- 
mediate action of springs, forming the least variable part of the 
total volume, and in long-continued absence of rain-fall almost 
the only supply. 

Our first surmise would naturally be that a water-course 
would exhibit a right line, in plan, descending down the 
steepest possible line, which would be the slope of the valley 
in which it was flowing ; but a very slight cause is sufficient to 
deflect the current, and, once commenced, we find the deflec- 
tions are reproduced successively on the opposite banks, like 
the letters ; and the concave sides, — beingmoreconstantlyacted 
upon in the lower part than in the upper, because great floods, 
which fill the course, and reach the higher part of the banks, 
occur but seldom, and are short in duration, compared with 
ordinary floods and low-water, — are undermined, and thus 
continually fall in ; the erosive action recommencing as soon as 
the debris have been carried down the stream ; and thus the 
sinuosity continually increases, until it meet vnth material ca- 
pable of resisting its further progress, and the average velocity 
of the stream becomes nearly in equilibrium with the soil that 
the bed passes through. 
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The object of the engineer in the work of improvement 
must therefore be to give, in the first place, a section so pro- 
portioned to the maximum quantity to be discharged, and rate 
of inclination, as that the surface of the water must not rise, 
even at that time, so high as to injure the under-drainage of 
the bordering lands, dependent on the improved channel for 
an out-fall. It is usual to assign 3 or 4 fl. below the land sur- 
face for this highest level of winter floods. If the openings 
of the pipe-drains are covered in floods, they are very liable to 
choke by the sediment from the river water, deposited in them 
from its comparatively quiescent state. This transverse sec- 
tion must increase with the increased volume of the stream in 
its descent, regard being also had to its greater or less rate of 
fall. In plan, the sinuosities must be very greatly reduced, or 
they may be replaced by a rectilineal course, when such is pos- 
sible. The velocity must also be kept within that which, in 
each particular locality, according to the nature of the soil, 
would destroy the bed or the side slopes ; and, as the rate of 
fall is not capable of any very considerable alteration, it is the 
modification of the form of the transverse section which must 
be relied on to regulate it, a greater divergence from the best 
discharging form diminishing the velocity proportionally, 
though in this also we shall find the choice much restricted. 

iig. 91 represents the transverse section of a channel in 
which the line of high-water of winter floods is supposed to be 
kept 4 ft. below the surface of the lands on each side. The 
ratio of the depth of the water to the mean width, i. e. 4 ft. 
to 30 ft., or I to 7^, is not widely different from that which 
would be deduced from observations on natural water-courses 
at the best parts of their channels. With a fall of 3 ft. per 
mile, the velocity of flood srunning 4 ft. deep will be 3.97 ft. 
per second; for with this depth, mean width, and the side 
slopes i^ to I, the area is 120 sq. ft., and the border 
24 + 2 X 4 a/ 1.5* + I = 38.42 ft., and the hydraulic mean 
depth 120 -f- 38. 42 = 3*1234, c onsequently the velocity (j) 

p. 134, is 0.92 a/2 X 3 X 3.1234 = 3.97 ft. The discharge is, 
therefore, 3.97 x 1 20= 476.4 cb. ft. per second. 

If the velocity of 3.97 ft. per second ^nearly 4 ft.) be con- 
sidered either too great, or the contrary, lor the tenacity of the 
ground through which the channel b excavated, and the true 
Bmit be known either by experiment or observation, we can 
proceed to calculate the dimensions of the channel that, with 
a given fall and side slopes, will convey this volume of water 
at the assigned velocity. 

Thus, supposing 4 ft. per second was too great, arid that it 
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was proved that 3 ft. was the limit which the soil could bear, 
then, as we know the discharge, namely, 4764 cb. ft., and this 
velocity, we have the transverse area, wluch is always Q-i-v^ 
4764 -£- 3 a 1 5 8.8 sq. ft. ; hence, if we put c for the wetted bor- 
der, we can obtain it, th e fall bei ng 3 ft. per mile as before, 

from the equation 0.92 J 6 x ^ = 3, and, therefore, 

c-6x i58.8-5-(-^] "89.89. 

If now we put z for the depth, and the slopes be as before, 
i^ to I, we have 

2^x i.5+z(c-2 Vn*+ i.z)«= 158.8. 

or "2*i6z*-k-ze^ 158.8, changing signs and dividing 
2^ -42.82; --75.6, and the depth z^ 1.85. 

The bottom vddth is, therefore, 83.19 ft., and the top-water 
line 88.74 ft. Such a channel would be expenfflve, from the 
quantity of land required, which would be 100.6 ft. in width, 
uie flood- water surface being kept 4 ft. below the level of the 
land on each bank. 

The coefficient 0.12^12', multiplied into the width in feet, 
gives the acres per mile required for any line of work of uni- 
form or average width. Approximatebr, one-tenth of an acre 
for each foot m width, with one-fifth of this added, will ^ve a 
near result. Thus 1 00.6 x o. 1 2' 1 2' » 1 2.2 acres per mile. It is 
probable that, to avoid such a transverse section, the side slopes 
would, if stone were readily to be obtained, be built nearly 
verticsJ, and the bottom artificially protected from scouring, 
so that the former velocity, or even a greater, could be main- 
tained. 

On the other hand, if the soil was such as to admit of 5 fl. 
per second, instead of 3.97 ft., we would find that the data, as 
to volume, side slopes, inclination per mile, and velocity, may 
be inconsistent ; for these data necessarily determine both the 
transverse area, and the border also. Now these two last are 
so connected, that the former has a minimum border, and the 
latter a maximum area, possible ; and, if either of them be as- 
signed, we perceive at once the limits for the other. 

The volume of water to be conveyed, namely, 476.4 cb. ft., 
divided by the assigned velocity, 5 ft., give s the area of the 

trapezium requisite 95.48 sq. ft. And 0.92 J2 x 3 ^^ — «= 5 ft.» 
gives c » 19.8 ft. for the wetted border. 
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From the Table, p. 138, we find the area of the trapezium 
of maximum discharge, side slopes i^ to i, to be/>' x 2.106; 
if we put this equal to 95.48, we have p « 6.733 ; *°d ^^^ 
this, that is the hydraulic mean depth, into the border, gives 
the area; so that 3*3665 divided into 95.48 gives the least pos- 
sible border, or 28.37. Also, as the border is to the bottom 
width as 7 : i , 7. p., we have, with a border equal 1 9.4, the maxi- 
mum area 44.8 sq. ft. 

One of the inconveniences to be carefully guarded against, 
in forming new channels, is of a character directly the reverse 
of the injury sustained by erosion, that has been spoken of 
above, and that is the deposition of material carried down 
either in floods, or in the ordinary and average state. Hence 
it has been a great object, when the ground will admit of its 
adoption, to design channels which, under the given circum- 
stances of the case, may have a permanent form of bed and 
transverse section, subject neither to erosion from a velocity 
too great, nor deposition from the contrary. 

In Fig 92 is shown a general drawing of a modified form 
of transverse section, which may be executed according to de- 
tailed working plans. It is excavated 2.22 ft. lower than that 
in Fig. 91 ; and, although the same as it is in area, namely, 120 
sq. ft. (to flood line), has a greater velocity, and consequently 
greater discharge also. It is evidently a nearer approach to 
the best form of discharge than Fig. 91, and may be consi- 
dered an application of the principle, ** cut deep," adopted in the 
later works. 

The depth being 6.22, and the bottom width 10 fl., we 

have the border 10 + 2 ^n^ + i x 6.22 = 32.39 ft., and the 
area 6.22 x 10 + 1.5 x 6.22* = 120 sq, ft.; and 120 -5- 32.39 
= 3.70, the hydraulic mean depth; this multiplied bv twice 
the fall of 3 ft. per mile gives 22.20, and the velocity is equal 
to 0.92 V 22.20 = 4.71 X 0.92 = 4.33 ft. per second ; and there- 
fore the discharge 4.33 x 120 = 5 19.6 cb. ft. per second ; com- 
paring this with that of Fig. 91, namely, 476.4, we have an 
excess of 43.2 cb. ft. in favour of Fig. 92. 

We can from the Table, p. 138, readily determine the 
best trapezium of 120 sq. ft. area, and side slopes i]^ to i, for 
/>* X 2.106 = 120, and thus the depth of the water, /> = 7.55 ft., 
and the border 31.8 ft. ; and as the border is to the bottom 
width in that figure very nearly as 7 : i, we have 7 : i : : 3 1.8 
; 4.54 ft. for the bottom width ; the top width is consequently 
27.19 ft., and the land required 39.19 ft. wide, or 4.75 acres 
per mile. 

2 C 
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Now, as the soil wherein this figure is used is sufficiently te- 
nacious to resist a velocity of 4.33 ft. per sec, advantage has, 
with good judgment, been taken of this to save land and exca- 
vation, by giving a steeper slope to the sides, above flood- 
water line, namely ^ to i, which adds but 4 ft. to the width of 
the top water4ine, making the land required for Fig. 92 to 
be 32.66 fl. wide, and 32.66 x 0.1212, gives 3.96 acres per 
mile. 

The width at surface of land for Fig. 91 is 48 ft., and the 
land required 48 x 0.12' 12' « j. 8 2 acres, giving a difference of 
1.86 acres, or i acre 3 roods 10 perches per mile in favour of 
Fig. 92. 

Comparing the excavation per mile required for each chan- 
nel, the first has 32 sq. yards, the second 26.96 in the trans- 
verse area to surface of land; the difference, 5.04 multiplied 
into 1760, gives 8870.4 cb. yards per mile in favour of Fig. 92. 

A variation in the form of this last is shown in Fig. 93, 
which may be adopted when the lower part of the excavation 
is sandy, or otherwise bad soil. A slope of i to i is carried 
down from flood-water line about 4 ft. (according to circum- 
stances), and another of about 3 to i for the remaining depth 
of 2. 22. 

The bottom width is 7.34 ft., for the top water-line being, 
as in Fig. 92, equal to 28.66 ft., the sides at i to i reduce this, 
on 4 ft. depth, to 20.66 ft. ; and 3 to i for 2.22 ft., reduces 
that again to 7.34 ft., as above. 

Thus the area for the part at i to i is 98.64 sq. ft.; for 
that at 3 to I is 31.08, the sum being 129.72 sq. ft., and the 
border being 32.68 ft. ; the hydraulic mean depth is therefore 
3.97 ft., and the velocity equal to 0.92 V 2 x 3 x 3.97 = 4.49 ft. 
per second, and the discharge 4.49 x 129.72 = 582.44 cb. ft., or 
62.8 cb. ft. greater than Fig. 92. 

The land is the same for both ; the excavation per mile for 
Fig. 93 is, however, 1900.8 cb. yards per mile greater than Fig. 
92, the transverse section of the former being 28.04, the lat- 
ter 26.96 sq. yards; the difference 1.08 into 1760 giving the 
quantity above mentioned. 

Fig. 94 shows another modification of the transverse sec- 
tion, which may be used to suit soils of varied character, by 
which a still further saving of land may be effected. From a 
base of 10 ft. we have side slopes of 2 to i on each side, for 
2.22 ft. vertical; for the next 4 ft. side slopes of i to i ; and 
the upper 4 ft. above top water-line ^ to i . Thus the area of 
the lowest portion is 32.06 sq. ft., and of the upper 91.52 sq. 
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ft., together 123.6 ; and the border being 31. 24* we have the 
hydraulic mean depth 3.956, and the velocitj, calculated as 
before, 4.48 ft. per second, the discharge consequently 553.7 
cb. ft. per second. The breadth of land at surface will be 
30.88 ft., requiring 3.74 acres per mile. 

Fig. 98 is a tranverse section, taken from a lithographed 
circular of the 7th October, 1 847, issued from the office of the 
Commissioners, on which the old channel is given in dotted 
lines. The base of the new water-course is an arc of a circle, 
whose radius is i^ times the depth of the channel ; the portions 
of the old channel on each side are carefully filled in, and, being 
nearly altogether above the new flood-water line, are not lia- 
ble to injury from the action of the stream. 

The excavated material in all these works was placed in a 
spoil bank on each side, the nearest point of it being 2 or 3 
yards from the edge, due care being taken that the small la^ 
teral drainage should not be interrupted. 

Although none of these figures are trapeziums of exactly 
the best discharging form, with their eiven side slopes, yet 
they, perhaps, are as near an approximation as would be 
safe to adopt in practice ; the depth would, we have seen, 
§ 1 15, be otherwise too great in proportion to the width. Fig. 
99 gives a trapezium of best form, with compound slopes and 
circular base, the hydraulic mean depth being half the depth 
of the water, as mentioned in p. 141. 

Many of the rivers, undertaken by the Commissioners, 
have been finished without any excess above the estimate, and 
have benefitted the districts through which they fiow in a 
very great degree. But, unfortunately, it was otherwise in the 
greater number of cases ; and a few instances of successful re- 
sistance in the courts of law, by the proprietors, to the pay- 
ment of the assessment above the original estimate, brought 
the Commission to a close, — Parliament finally voting one mil- 
lion and a half to clear off these extra charges ; many impor- 
tant districts in Ireland being left unimproved. 

It seems impossible, by any system of public works, whe- 
ther drainage, roads, or railways, to fulfil the duty attempted 
to be thrown upon the Commissioners of Public Works in Ire- 
land, subsequent to 1846, namely, to give relief to a starving 
population of unskilled labourers. Such works require a long 
preparation of surveys and sections, and letting of contracts ; 
and, even if in full operation, the number of skilled workmen, 
compared with unskilled, is very large. In drainage works, 
bridges have to be taken down, and others erected ; temporary 
timber bridges being put up to keep open the roadway, or the 
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existing structures under-pinned ; weirs have to be removed, 
or lowered and lengthened ; and the mill-wheels lowered in 
proportion, with corresponding alterations in the machinery 
and sluices. 

If contractors of experience and capital cannot be found, a 
sy8t^m of day-work must be adopted, with a staff of pay- 
cierks, inspectors, &c., and the plant also ; even the simplest 
tools must be provided from the public grants ; so that a very 
small proportion of the total cost is applied, in wages, to that 
class for whose support the whole was at first undertaken. 

The calculation of the dimensions of what are called equi- 
valent, or equal-discharging channels, has evidently, from this 
and the last example, some practical value : and, first, of those 
which have a rectangular transverse section. Suppose, then, 
it is required to determine the width of a channel, having 
a- given depth, which shall discharge the same volume of wa- 
ter as another, whose dimensions and discharge are known, the 
rate of fall being the same in both. 

Let p be the given depth, x the required width. Then 

0.92 / 2f— — x|ja;= Q, the discharge, or, omitting o.g2^^ 
as common to all, we have 



J: 



px 



xpx^ C, 



2p-\- X 

and 

— — = C\ hence m? — - a; == — --, 
2p-¥ X p^ jp« 

which may readily be solved by a few substitutions, and the 
aid of Tables of squares and cubes. In order to construct the 
diagram, Fig. 69 a, comparable to that in Fig. 69, and calcu- 
late a Table, the rectangle A'D'DiBi, of depth 50, and breadth 
100 units, at the same scale as the former, was taken as a 
standard of comparison, and the other several equal-discharg- 
ing channels plotted to the same scale, and having the verti- 
cal centre line CD in common, the resulting curve d'D'd"c?iDi 
is analagous to that of the rectangle of constant area, which 
is repeated in dotted lines in Fig. 69 a for the sake of com- 
parison. 

If the breadth b were given to find the depth 2;, we have 

2O _o 
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Table giving the relative dimensions of equcU-discharging channdSf 
having rectangtdar transverse sections. Fig. 69a. 



Depth. 


Breadth. 


Border. 


10 


801.10 


821.10 


20 

30 
40 


297.69 
176.15 
126.30 


337-^9 
236.15 

206.30 


5° 


100.00 


200.0 


■ 100 


54.20 


254.20 


IJO 


39-79 


339-79 



Area. 



801 1. 

5953.8 
5284.5 

50^2.0 

5000.0 

5420.0 

5968.5 



Hydraulic 
mean depth 


Square root 
of hydraulic 
mean depth. 




^ 


975 


3.12 


17-63 


4.20 


22.40 


4-73 


24,50 


4-95 


25.00 


5.00 


21.32 


4.61 


17.60 


4.19 



In the two cases, Bfaown in Fig. 6^^ we have the area of 
the rectangle whose depth is equal to twice the width, either a 
maximum or constant; in this we perceive it is a minimum. 

In channels of a trapezoidal transverse section, if the mean 
breadth be great compared with the depth, we find that the 
rectangle of equal area, and the same depth (in which case the 
mean breadth of the trapezium is equal to the width of the 
rectangle), is very nearly of equal discharge, the fall being the 
same in both, and hence we can approximately determine equi- 
valent trapeziums. 

Let there be a trapezium of 5 fl. depth, and a mean breadth 
of 25 fl., to determine the dimensions of another of equal dis- 
charge, and 7 ft. deep, the mean breadth is therefore 125-^-7 
= 17.86 ft. ; and if through the middle point of the side of this 
last rectangle we draw lines inclined at the inclination of the 
side slopes of the given trapezium, we shall obtain approxi- 
mately that of equal discharge. 

Let us calculate for each, and suppose that n, the ratio of 
the slopes, is 2 to i, then the trapezium of 5 ft. depth and 25 
fl. mean width has a bottom width of 15 ft., and the side 

slopes equal to p^n^-^ 1, (p. 136), are 5 x 2.236 = 11. 18 ft. 
each, and the border consequently is 15 + 22.36 = 37.36 ft., 
and the hydraulic mean depth 3.343 ; as before, omitting from 

each 0.92 V 2yas common to both, then V 3*343 ^ 1 25 = 228.75 
will represent a number proportional to the discharge, or the 
quantity to be compared in each trapezium, and which should 
be nearly equal for both. 

The trapezium of 7 ft. depth, and n » 2, has a bottom 
width of 17.86 - 14 = 3.86 ft., and side slopes of 2 x 7 x 2.236 
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" 3 1*3 ft*9 so that the border will be 35.16 ft, and hydraulic 
mean depth 3.555 ft., and t/3.555 x 125-235, is the number 
which we must compare with 228.75, the result being, for the 
channel of 7 ft. deep, a discharge 2.7 per cent, too great. 

The exact determination of the bottom width rr, of equal- 
discharging trapeziums, of depth /7, we derive from the expres- 
sion m 

I px+p^ ^ 

/ — ^ ^ X px X D^n „ Cy 

>2pv^74*+ I +aj 

hence 

/ 0\ ^ 4/a>+ I 
ar* + ypnx^ + ( 3pW " "^ J ^ == 2^* — a P^^y 

or with the numerical data above, 

re* + 42a;' + 435.445a? = 2028.4, 

which is satisfied by a? = 3.42 very nearly. For constructing 
a trapezium with that base, and having a depth of 7 ft., and 
side slopes two to one, we find the area 121.94, and tne square 
root of hydraulic mean depth 1.874, giving 228.5 ^ ^• 

However well designed and executed in every respect the 
new and rectified channels of a river may be, the lapse of time 
would, in every case, destroy the form, and alter the direc- 
tions of the bed, the same causes being still in action that had 
given the original course its defective character. Trustees 
were, therefore, appointed for each river by Act of Parliament, 
whose duty it is to visit the completed works every year ; and 
power is given to them to order all needful repairs, charging 
the improved lands with the requisite outlay. 

(lxi.). Two very distinct systems of house-drainage are 
now to be found in use in towns and cities — one, that of the 
cess-pool, with a periodical clearing out of its contents; in the 
other, the discharge of all refuse, or, as it is now called, sew- 
age, from the houses, takes place by drain-pipes into street- 
sewers, which, either singly, or after the union of several into 
one large main sewer, are discharged into the river, or natural 
out-fall of the district. 

It is to obviate the yearly increasing pollution of the 
Thames, arising from this last cause, that the great lines of 
sewers of the Metropolitan Board of Works are now being 
carried out. In London, within the last few years, cess-pools 
have, from a conviction of their unhealthiness, been interdicted 
in all new structures, and closed up where heretofore in use ; 



PRACTICAL APPLICATIONS. 1 99 

the second of the systems above-mentioned being now com- 
pulsory. 

However beneficial this change may have been in the sin- 
gle point of obviating the unhealthy effluvia from the cess- 
pool and the saturated ground around it, other evils of great 
magnitude were unexpectedly found to arise. For the exist- 
ing lines of main sewers all discharge into the Thames, and, 
having courses nearly perpendicular to it, deliver off their con- 
tents within the bounds of the city ; the ebb and flow of the 
tide tends, moreover, to keep the foul water many days, 
oscillating as it were, before the points of discharge, the 
mouths of these sewers, and all the longer in the dry summer 
season, when the volume of fresh water coming down the ri- 
ver is diminished, and the high temperature of the air favours 
putrescence. At low- water, also, the river banks, covered 
with an offensive deposit of the sewage, are exposed for many 
hours every day, gifeatly increasing the evil. These injurious 
consequences appear to increase, not only from the growth of 
the city ; but the great water companies, chiefly supplied from 
the Thames, a few miles up stream, draw each year a larger 
quantity from the river, — a quantity which, in dry seasons, is no 
inconsiderable portion of its total discharge. Now, a large 
part of the supply of water to houses is carried eventually 
mto the street-sewers, and so into the river, in the state of 
sewage; thus the pure water coming down the river, at the 
critical time when it is most required to dilute and carry down 
seawards the sewage of the city, is materially diminished, and 
the sewage itself proportionally increased. 

The river Thames was, in fact, by this system, made a great 
open sewer through the centre of the city, which was year by 
year increasing in the offensiveness, not only of the water, but 
also of the banks exposed each ebb tide ; and even this injuri- 
ous mode of drainage was becoming inadequate. In Mr. B.. Ste- 
phenson's words : — *' All these sewers are becoming daily more 
charged with sewage, in consequence of the increase of build- 
ing upon the areas they drain ; and their inadequacy to give 
vent to the flood-waters is still more apparent ; for, as the open 
lands and gardens are becoming occupied by dwellings, the 
area upon which flood- waters are retained, and allowed to flow 
off gradually, is sensibly diminished. The natural consequence 
of this change of circumstances is, that the floods descend with 
increased rapidity, and gorge the main sewers in the lower 
districts towards the Thames, in some instances far beyond 
their capacity of discharge." 

*' These alterations of oiroumstanoes, ariring out of the ex- 
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tension of the area dpon which buildings are daily growing up, 
cannot be looked upon as having reached their limit. We 
must assume, therefore, that large portions of the above dis- 
tricts will go on increasing in population ; and the sewers in the 
lower levels, originally abundantly large, must shortly become 
wholly insufficient." — Report^ nth December, 1854. 

Paris, again, is a city in which the cess-pool system is most 
fully carried out, with the unavoidable concomitant of carting 
away the contents, which are deposited outside the suburbs, 
and do not ever reach the river Seine. The street-sewers only 
carry to the river the rain-fall, the waste of fountains, &c. 

After many years, and the discussion of several different 
plans, it has been determined to construct, on the north side of 
the Thames, through London, three lines of main sewers, the 
high, middle, and low levels, not running in directions perpen- 
dicular to the river, but on the contrary nearly parallel to it; 
these, uniting into one, near the crossing Of the river Lea, are 
carried many miles down, and eventually discharge into the 
river Koding, at Barking Creek, a point so distant from Lon- 
don, that it is fully expected the flood-tide cannot convey up 
the Thames, towards the city, any of the sewage discharged 
into it by the branch river above mentioned. On the south 
side, the same system has been adopted ; several lines, parallel 
to the general direction of the river, unite into one, and are 
conveyed down stream to a distant out-fall. 

In these great works of main and intercepting drainage, 
they have adopted, in the upper parts of the main lines, a trans- 
verse section for the brick- work sewers, shown in Fig. loi, and 
evidently very similar to that of the wrought-iron tube. Fig, 
95, mentioned, pp. 181, 182. 

It is thus designed : two circles, Fig. 1 00, having their cen- 
tres A and B in the same vertical line, are drawn to touch each 
other, the upper having a radius twice as great as the lower ; a 
horizontal line being drawn through A, an arc of a circle, whose 
centre is in this line, is drawn, touching both the circles, and 
this construction being repeated on each side, the contour of 
the inner lines of the sewer is obtained. The thickness of the 
brick-work in every part being laid off on the continuation of 
the several radii, the external figure is determined. 

This oval, or egg-shaped form, was adopted after much 
discussion. It had been found by experience that those sewers 
which had a flat invert, and considerable width below, with 
nearly vertical sides, deposited the sewage matter, through 
which, in the ordinary states of the flow, a small and inopera- 
tive current wound its way. The improved design, being, on 
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the contrary, narrowed down in the lower part, concentrates 
the scouring action, even when the flow may be at a low point ; 
should the quantity to be discharged greatly increase from 
storms of rain, as it does very suddenly in towns, the trans- 
verse section is also increased as the level of the water rises, 
and possesses a large discharging power. As, however, the 
depth is, in this form of sewer, i^ times the breadth, it would 
be inconvenient and unsuitable beyond a certain breadth. In 
the middle-lev^el sewer, which commences at the Great West- 
ern Railway, and is carried through London, for 9^ miles, to 
its junction with the high and low level sewers, near the river 
Lea, the oval or egg-shaped sewer commences with a depth 
of 4 ft. 6 in. and breadth 3 fib.; and gradually increasing by 
3 in. at a time, reaches a depth of 6 ft., and breadth of 4 ft., 
after which a circular transverse section is adopted ; this also 
being gradually enlarged up to 10 fl. diameter. 

It is necessary, in giving designs in detail for a work of city 
drainage, to form, first, an estimate of the quantity of fluid to 
be conveyed from a given district, having a well-defined 
boundary and density of population, and afterwards assign the 
least velocity, so that no depositions of solid sewage matter 
take^lace, and from these decide on the detail of the declivity 
and transverse area. 

The amount of sewage proposed to be intercepted from 
the more closely inhabited districts, has been estimated upon 
data which make provision for the increase of future genera- 
tions. Thus, where the population, as at present existing, 
exceeds 30,000 to the square mile — and it is at the rate of 
80,000, and even ioo,ooc, in some localities — the actual num- 
bers are estimated for ; and where it is less, allowance has been 
made for that number, in order to provide for future increaser 
The supply of water per head has been reckoned at 5 cb. ft. 
per diem (31:^ gallons) for each individual, bein^ on a more 
liberal scale than now actually obtained ; and of this quantity^ 
it is contemplated that one-half will pass away during 6 hours 
of the day (generally from 6 a. m. to noon), 2.5 x 30,000 
•T 640 X 360 = 0.327 cb. ft. per acre per minute. 

It had been determined, by lengthened and carefiil obser- 
vation, that the least velocity of the current which suffices to 
prevent deposit in sewers is 150 ft. per minute, about i| miles 
per hour ; such being the case, we perceive one element in the 
design of such works, namely, that the rate of fall and dimen- 
sions of the transverse sections of the sewer must be so re- 
lated to each other, as that the velocity be not less than thisy 
and as the sewer must also be smaller near its commencement ; 

2d 
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in order to be proportioned to the quantity it has to convey, 
it follows that the inclination should be greater at the upper 
end of the line, diminishing as it proceeds downwards, and so 
graduated as to produce a uniform rate of flow, and thus avoid 
a waste of fall in one portion of the design, and an insufficient 
velocity in another. 

But in deciding on the rate of fall in the different parts, 
the engineer is restricted within narrower limits than in per- 
haps any other works ; so that it will be necessary, first, to de- 
termine, from the longitudinal section, the practicable limits 
which can be assigned to the declivity in the different parts 
of the course; and then, from the velocity, determined on as 
above, it becomes easy to decide on the size of sewer requisite 
to carry off a constant and well-defined quantity of sewage in 
a given time. 

Mr. Robert Stephenson and Mr. Hawkesley have reported 
it as their opinion, that a velocity of 2 miles per hour, or 1 76 ft. 
per minute, was ample for sewers in which there is a conti- 
nual stream. As to the determination of the declivity ne- 
cessary to cause this velocity, Mr. Bazalgette, engineer to the 
Metropolitan Drainage Commission, writes in his Report (3rd 
April, 1856) : " With reference to the fall requisite to pro- 
duce this velocity, calculations, based on the principles uni- 
versally adopted, show that in a sewer 9 ft. 6 in. in diameter, 
with a fall of 2 ft. per mile, the mean velocity would be about 
2 miles per hour, when running three-quarters-full, or 1.88 
miles per hour when running half-full, and about if miles per 
hour when running one-third-full. 

" But the velocity of a stream is governed by the dimen- 
sions of its channel, as well as by its rate of fall. Thus, in a 
sewer 10 ft. in diameter, with a fall of 2 ft. per mile, there will 
be the same mean velocity of stream, when running half-full, 
as in a sewer 2 ft. in diameter with a fall of 10 ft. per mile, 
also half.fuU." 

But, besides this quantity of sewage, a certain amount of 
rain-fall must also be intercepted ; and various reasons led to 
the estimate of a quarter of an inch of rain in 24 hours, over 
the area of urban districts : as a quarter of an inch is equal to 
0.0208 ft., and an acre to 43,560 sq. ft., this amounts to 906 
cb. ft. per acre in 24 hours, or 0.63 cb. ft. per acre per minute, 
which added to the former quantity, we have 0.327 + 0.63 
= 0.957, very nearly i cb. ft. per minute per acre. 

Extraordinary storms, and rain-falls exceeding the above, 
are not carried down the total length of the new main-sewers, 
but are delivered off into the existing lines of sewers by lateral 
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openings of considerable length, in the circular sewers, the 
sill of which is placed above the half-depth. Thus the present 
main-sewersy which have acted to carry to the Thames in 
nearly direct lines, perpendicular to its course, both the drain- 
age and sewage, will, on the completion of the main intercept- 
ing sewers, chiefly discharge but the overflow of storms of 
rain, whatever sewage matter it may contain being necessarily 
in a very diluted state. 

The real difficulty and expense of such works as these 
arise from the uncertain amount of rain*fall to be provided 
for in great storms. The house-drainage, though it may in the 
greater part flow down in a few hours, conforms very steadily 
to a known average ; but the former, though a quarter of an 
inch in 24 hours may be the value of its average, has yet 
reached 3 in. in 4 hours in London, and this must have been 
discharged nearly in that time. If we take i in. per hour, the 
discharge amounts to 60 cb. ft. per acre per minute. 

The ingenious device of lateral openings, placed so high as 
to come into operation only when the storm-flow has reached 
a considerable depth, gives safety to the new sewers, and makes 
use of the present main lines in a manner well suited to their 
great section and direct course to the river. 

It becomes a matter of great interest, therefore, to calculate 
the different rates of discharge and velocity in circular sewers 
for each different depth of flow, supposing always that it has 
attained a uniform rate of motion. In tne following Table 
the vertical diameter is supposed divided into 16 equal parts, 
radius being unity. The curious fact is at once evident from 
an inspection of the columns headed Hydraulic Mean Depth, 
and Square Boot of Hydraulic Mean Depth, that the maxi- 
mum velocity, which is a function of that quantity, is at a 
depth of Y'ths of the radius, orfths above the centre. And 
that the discharge, which is a function of the product of the 
area into the square root of the hydraulic mean depth, is not a 
maximum when flowing full, but at a depth of ^ths, or |ths 
above the centre, as is shown by an inspection of the figures 
in the last column. In fact, in this last case the additions to 
the area are relatively less than those of the corresponding por- 
tions of the circumference, that is of the border, in the higher 
parallels through the several eighths into which the radius is 
supposed to be divided. The investigation was made by the 
Rev. J. A. Galbraith, Professor of Natural Philosophy in this 
University. 
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Table ybr calciUaiing the Vdodty and Discharge of Water flowing in 
Fipee^ not under pressure, at the d^ths specified, Radius = i. 



Depth. 
Bad.= l 


Border. 


Area. 


HydnuiUe 
mean depth. 


Sqnareroot 
ofhydranUe 
mean depth. 


Area into sq. 

root of h7- 

dranlic mean 

depth. 


i 


1.0105 


0.0817 


0.0809 


0.2844 


0.0232 


* 


1.445 1 


0.2266 


0.1568 


0.3959 


0.0897 


f 


1.7913 


0.4077 


0.2276 


0.477 1 


0.1945 


i 


2.0944 


0.6142 


0.2932 


0.54 « 5 


0.3326 


t 


a.3728 


0.8368 


0-3527 


0.5938 


0.4969 


t 


2.6360 


1-0759 


0.4081 


0.6389 


0.6873 


i 


2.8908 


1.3214 


0.4571 


0.6761 


0.8934 


i 


3.1416 


1.5708 


0.5000 


0.7071 


I.I 107 


« 


3-39*3 


1.8202 


0.5366 


0.7325 


1-3333 


V 


3-647 ' 


2.0656 


0.5664 


0.7526 


1-5545 


V 


3.9104 


2.3048 


0.5894 


0.7677 


1-7695 


V 


4.1888 


2-5274 


0.6034 


0.7768 


1.9632 


V 


4.4919 


2.7338 


0.6086 


•0.7801 


2.1327 


V 


4.8380 


2.9150 


0.6025 


0.7762 


2.2626 


V 


5.2726 


3-0598 


0.5803 


0.7618 


♦2.3310 


V 


6.2832 


3-i4'6 


0.5000 


0.7071 


2.2214 



To applj the Table — which is adapted to any dimensions as 
feet, inches, metres, &c. — ^let us suppose the diameter of a circu- 
lar culvert to be 8 ft.; the radius, therefore, which is unity in the 
Table, is in this case 4, and all lineal dimensions, as in the co- 
lumns border and hydraulic mean depth, must be multiplied 
by that number to obtain their value at 8 ft. diameter ; the 
column area must be multiplied in like manner by 4^, that 
of square root of hydraulic mean depth by ^4, and the last 
column by 4' y/ 4, and so of any other radius — the two last 
columns thus giving numbers which are proportional to the 
velocity and the discharge, respectively ; and when these are 
multiplied again by 0*92 y/ 2/, give the actual velocity and dis- 
charge at the several depths assumed. If, then, this culvert, 
8 ft. in diameter, be running half-full, we find from the hori- 
zontal column 8-8ths, which answers to that depth, border 
3.1416 X 4 = 12.5664ft., areai.57o8x4«t= 25. i328sq.ft. Hy- 
draulic mean depth 0.5 x 4 = 2 ft. The square root of the same, 
0.7071 X \/4 « 1.4142. The last column, 1,1107 ^ 4' ^ yfi 
= 35.54. If, again, we suppose the fall to be 2 ft. per mile, we 
have both the velocity and the discharge, by multiplying 
these two last numbers into 0.92 V2~xT= 1.84. The sewer, 
8 fK in diameter, running -half-full, and with a declivity of 
2 ft. per mile, has therefore a mean velocity 1.4 142 x 1,84 
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a 2.6 ft. per second, or 156 ft. per minute. The discharge 
will be 35.54 X 1.84 = 65.4 cb. ft. per second, or 3924 cb. ft. 
per minute> which result is also given by 25.1328 x 156. 

Again, suppose the depth in the culvert was fths of the 
diameter, answering to the line ^^ths. From it we have the 
border equal to 4.1888 x 4 = 16.7552 ft. ; the area 2.5274 x 16 
» 40.44 sq. ft. ; the hydraulic mean depth and its square 
root 0.6034 X 4 = 2.4136 ft., and 0.7768 x y/ ^ = 1-5536 ft. re- 
spectively. The discharge is given at once from the -tabular 
number under area into square root of hydraulic mean depth, 
that is 1.9632 X 4* X \/4 x 1.84 x 60 « 6935.6. The number 

1.84 being 0.92 x y/if^A before. 

Ag^n, if the diameter be supposed 6 ft., we must multi- 
ply by 3' X v'3 = 15.65, the several numbers in' the last co- 
lumn on the right hand side, according to the fraction of the 
depth at which the current is supposed to be flowing ; and 
thus if the depth be taken at ^ ths, and the fall per mile 2 ft. 
as before, we have 1.9632 x 15.65 x 1.84 x 60 = 3392 cb. ft. 
per minute. 

It was said above that a sewer of 9 ft. 6 in. in diameter, 
with a fall of 2 ft- per mile, and running |-full, would be 
about 2 miles per hour; when half-full, 1.88 miles per hour. 
In the column headed sq. root of hydraulic mean depth, and on 
llne^th, we have the tabular number 0.7768 ; this into 

\/4-25 = 2.06 and 0.92 y/if- 1.84, giving 2.944 ft. per sec, 
or 2.002 miles per hour. 

In order to turn feet per second into miles per hour, we 
have only to multiply by 0.68, that is 3600" -r- 5280 ft. 

When half-full, 2.68 ft. per second, or i .82 miles per hour. 
We can by this Table also examine the other quotations given 
above, namely, that the mean velocity of a sewer, running 
half-full and 10 ft. diameter, and fall 2 ft. per mile, is the same 
as that of a sewer 2 ft. diameter, and 10 ft. fall, also running 
half-full. In the first we have tabular number 0.7071 y/ 10 

X (0.92 V2 X 2), in the second 0.7071 x ^2 x (0.92 t/2 x 10), 
and these are evidently equal. The discharges in these two 
cases would be as the squares of the diameters, since the velo- 
cities are equal. . The result would be equally true for any 
other fractions of the depth. 

In the Table, if the subdivisions of the diameter had been 
carried further, it would have been found that the maximum 
discharge was at nearly ^§ths of the diameter, not y ths ; but the 
maximum velocity is very nearly |ths of the radius above 
the centre. 
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Fig. 72 represents the section of a circular culvert, or 
sewer, the circumference being supposed to represent its inner 
boundary. The vertical diameter is divided into 16 equal 
parts ; and horizontal lines drawn through these points, re- 
presenting the water-surface at the several eighths of the ra- 
dius. The dotted line, a&, is the level of the maximum dis- 
charge, and A, B, which coincides very nearly with the 
horizontal at y ths, is the level which has the greatest velo- 
city ; the angle at the centre, subtended by the chord A, B, 
being 102°, 32', 48". Fig. 72 a is a diagram representing, as 
in Figs. 70 and 71, a curve which shows the value of the hy- 
draulic mean depth at any depth of current, C, D, being equal 
to the diameter C, D, Fig. 72, and divided into the same num- 
ber of parts. It will be perceived that the ordinates at 8 and 
16 are equal; that is, the current, running full, and half-full, 
has the same hydraulic mean depth, which is equal to half the 
radius. The maximum value is drawn with a strong line in- 
termediate, but not equidistant, between the equal values. 
Any depth being taken between 8 and that which gives the 
maximum, another between the maximum and 16 may be as- 
signed which will have the same hydraulic mean depth, and 
therefore same velocity, ccBteris paribus, 

(lxii.) If any obstruction has been placed in the channel of 
a river, such as a weir, or the piers of a bridge, &c., the water 
is impeded in its flow, and compelled to pass through a reduced 
area of transverse section ; the necessary consequence of any 
arrangement of this nature is to give the water a higher velo- 
city at this part. But this result, again, could not follow, un- 
less the surface of the water had risen at the reduced area, in 
order to create a " head," or " charge," sufficient to produce 
this excess of velocity which the current must take. We find 
two very distinct questions arise, connected with the resulting 
change in the water surface — 

First, the vertical rise at the immediate locality of the im- 
pediment; and, secondly, the elevation of the surface of the 
water consequent on this at definite distances up stream, which 
last indirectly determines the furthest length to which the back- 
water extends. 

We may distinguish three classes of barrier rendered ne- 
cessary by works in connexion with rivers ; first, the stream 
is completely dammed up. Fig. 1 1 1, and the discharge takes 
place by a sluice of given area and position, relative to the 
bottom line of the river. Secondly, the water is discharged^ 
Figs. 107, 108, 109, freely over the upper edge, or crest, of a 
weir. And, thirdly, we have obstructions which block up 
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only a part of the water*way, such as the piers of a bridge, 
Fig. no; or, as is common on the rivers of the Continent, a 
mass of masonry is carried from one bank of a river across a part 
only of the bed, leaving a narrow channel at the opposite side, 
in which, though the velocity is increased, the depth for pur- 
poses of navigation is improved. 

The immediate rise in the first case we obtain from the 
formula, § 1 8, p. 15, squaring and transposing, 

^=-^x 0.04065. 

This total elevation may be divided into two distinct parts, 
one depending on the construction, namely, the height of the 
sill of the sluice opening above the bottom line of the bed, the 
other on the volume Q, which the stream delivers ; and is 
independent of the rate of surface-fall, or velocity of the river 
course above the point. 

In the second case we have from § 55, eliminating H^ 




and this, in Uke manner, depends on the height of the crest 
and volume of water, being independent of the surface-fall. 

In the third case, of the bridge, or partial dam, let L be 
the mean width of the river above the contracted part, and V 
the mean velocity in it, S being the transv^se area, and /, v, 
and s the corresponding values at the contracted section ; the 
volume passing down in each case being Q. The depth at s 
being p, and that at S being jo + a?, representing by x the fall 
produced by the contraction of the channel, that is AX^ 
Fig. no. 

Now the vertical heights, or heads, necessary to produce 

the velocities v and F, are given by the expressions — and 

F» . . ^^ 

— , so that X being the difference between these heads, we have 

"'i.g 2g' 
moreover as 

t> = -^ and F-^, 
s S 

we have 
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2ff\s' S'/ 



and substituting for s and S their values considered as rectan- 
gles of the width /, this becomes 






in which m has the same signification as in the sections 14 and 
54, on orifices and weirs, and is estimated at 0.90 to 0.80, ac- 
cording to the form of the cut-water. Eliminating a?, we have 
a cubic equation, or we may substitute values for it until both 
sides are equal. 

Thus we obtain, in all three cases, the vertical rise at the 
immediate locality of the obstruction in the river channel. 

Our next object must be to assign the vertical rise of the 
surface of the water consequent on it, at given distances up 
stream, and thus indirectly determine the furthest length, or 
amplitude, of the back-water ; and it is now that the surface- 
fall and velocity influence the result. One of the earliest 
surmises as to the curve of the -surface was, that it coincided 
with an arc of a circle, touching the horizontal line AN, Fig. 
105, drawn through A, the point of the surface, where it be- 
gins to curve down to, or over the discharging orifice or weir, 
and also the line of the original surface of the stream MB. atM. 

The distance AN has been technically called the hydro- 
static, and ANM the hydraulic amplitude, the latter being 
evidently double the former. If the back-water were simply 
a wedge superimposed on the original surface of the stream, 
and uninfluenced by its motion, it would extend horizontally 
from A to N, and its value would be x -^ sin 1, the angle of 
inclination of the original surface of the stream being t, and x 

the rise at A, consequently AM= 2 [ -. — ; ] nearly. Instead 

of using the coefficient 2, some authors propose i .9, or i .5, the 
latter being probably a very safe mean. 

Having thus, in all these diflerent cases, obtained the 
depth at the transverse section AXY, which we will call po, 
we can proceed to calculate the length up stream Zqj at which 
the depth will be equal to any assigned quantity j9i, taken ne- 
cessarily between the extreme po^ and the depth at the point 
M, where the stream, as yet uninfluenced by the restriction 
of its bed, has a uniform velocity and constant depth, which 
we may call P ; and from the surface-line, thus obtained, de- 
termine the depth at a given distance. 
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The channel may be taken as of uniform widths equal to 
ti?9 and rectangular transTerse section ; so that the only alte- 
ration that takes place in the several transverse sections up 
stream is in the vsdue of the depths po» Pn &c- 

Let A'X'Y' be the position of the transverse section, hav- 
ing the assigned depth piy at the unknown distance Zo from 
AXY9 and so on successively for the distaaces Zj, z^^ between 
the other assigned depths pij p^^ <&c. 

We may suppose the curved surface of the stream to be a 
right line in the several distances between the points A and 
A', &c. 

N0W9 as the velocities in the transverse sections are in- 
versely proportional to their areas f § 84), if we put t?o and ri, 
for the velocities at the sections which have the depths j^o and 
/?i, we have 

Vo:vi::pi: po^ 

and may therefore express Vi, in terms of Vo, and the respec- 
tive deptbsy that is Vi = Vq x ^, and as the heads, or vertical 

Pi 

heights necessary to produce the velocities Vo and Vi are — 

and — , which last is equal to ^ Pi', we have 

2g ^ — ^ 





iff 


!li!- 


V _ ° Pi* ° ^ K - Pi* .. Oo' 


2^ 


2ff 2g j»i« 2g 



(I) 

But again, the resistance from the friction of the bed in 
the several length ^o» ^u &c-9 requires a certain head to over- 
<XMne it. In order to give the expression for this resistance a 
manageable degree of simplidty, we may, without error, as- 
sume that the decreasing velocity in the l^igth Zq is constant, 

and instead of taking it as the mean f -^ — ^ j between v^ and 

v,, put it as equal to that in the transverse section AXY. In 
like manner for the hydraulic mean depth, instead of the mean 
between those of the sections at AXY, and at A'X'Y', we 

may represent it by that of the former, namely, -^ — , which, 

using a former notation (p. 133), is expressed by Hy. 

If in the equation (c), page 126, namely, - = - x - x v', 

l g s 

2 E 
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we put for - its value j^, and multiply both sides hj U we 
have 

A = 2a X -=- X — , (2) 

By 2g ^ ^ 

having also multiplied the right-hand side, above and below, 
by 2. In this expression the velocity v is supposed to have 
become uniform, and therefore necessarily the resistances ex- 
actly equal to the force producing motion. If we substitute 
Zo for 4 and Vq for v, the velocity in Zo being supposed uniform, 
this becomes 

h ^ ^ ^^^ 

Hy 2ff 

which gives the value of the head, or pressure, necessary to 
overcome the friction arising from the uniform velocity t?o, in 
a channel of the length 2^09 stnd hydraulic mean depth H^. 
And therefore the total resulting alteration of head H, be- 
tween the points A' and A, will be represented by 

xl^ Zox 2ax -j^ X ^ f— X — ^ (3) 

Sy 2g /»!» 2g ^^^ 

that is the difference between (i) and (2), which have oppo- 
site effects on the inclination of the surface of the water ; the 
former, or positive quantity, tending to heap up or raise the 
surface ; the latter, that is the gradual increase of transverse 
area, to diminish it. 

From the point A', Fig. 75, draw a horizontal line perpen- 
dicular to AXY, and cutting it produced in the point N, and 
also from the same point a parallel A'K to the line of the sur- 
face X'X of the stream before it had been impeded, and which 
is by supposition parallel to the line of the bottom bed YT. 

The hue NA will then represent the resulting alteration 
of head between the transverse sections at A' and A, the va- 
lue of which was given in (3), and AR is obviously equal to 

Po-Pi- ^ 

Again, i being the angle of inclination of X'X to the ho- 
rizon, NS is equal to z sin t, so that 

« 

NR-AR=NA 

(4) 



= Ze&int- Pa - pi- ZqX 2ax-jjr X — *— — -=— x 

■"y ^9 P^ 



Vj" Po^ - Pi" ^^ V^^ 

^9 
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Transposing and changing signs, we have 

^y ^ff Pi ^9 

In order to haye all the terms of the right-hand side mul- 
ti plied by Zq, transpose and arrange so that, as po -p^ =po -pi 
X Po + piy we have 

— / po+pi t?o»\ r • . I ^^o'l ,^v 

Po - Pi X ( I - ' ^ X — = xTo X sm I - 2a X ^=- X — L (6) 

\ Pi' 29 J I Hy 2g\ ^ ^ 

Now as ^^^ is very nearly equal to -^, or — , equation 

Pi ^ Po Po 

(6) becomes by dividing 



Po-pi = ZoX 



. . I Vo*^ 

sm t - 2a X -^ X 



!g_^ 



2 »o' 

I X 

Po ^ff 



(7) 



And again, multiplying the fractional coefficient of Zo^ 
above and below, by po. 



Po-Pi- Zo 



. . Po V 

sm I .po - 2a X ^ X — 



2 



Po - 2 X 



V6^ 

^9 



(8) 



Eliminating z^ and multiplying above and below by 2^, 
we have 



Zo =po-Pi X 



PqX 2ff - 2V 



sin I ./?o • 2^ - 2a . ^ . «o' 



(9) 



From which we may calculate the length up stream at 
which the assigned depth pi will be found. 

Examining this value of Zq, we perceive that the fractional 
coefficient of po - pi on the right-hand side may become equal 
' to zero, to infinity, or to unity, or negat ive; an d therefore 2;, 
also become zero, infinite, or equal to po- p^ or negative, 
and this without any of the separate variable factors m the 
fraction becoming equal to zero, or infinite ; inasmuch as both 
the numerator and denominator consist of two parts connected 
together by the negative sign. 
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And first of the numerator, poig - 2Vo% it is evident that 
if 2ro* be equal to po2ff9 its value will be zero, and conse- 
quenl^ljr (if toe denominator be not simultaneously equal to 
zero) that of z^, also ; w^ in other words, the circumstances of 
the stream as to velocity and inclination do not admit of any 
true back-water being formed. Now ifpo2ff = 2»o*> we have 

— = — . (lo) 

Indicating that when the velocity of the water is such 
that the head necessary to produce it is equal to half the depth 
of the stream^ the distance of the assigned depth jOi from/7o 
will disappear, however difierent pi may be from j?o> or become 

negative if — be greater than — . 

Fig. io6, quoted from D'Aubuisson, represents a longitu- 
dinal section of an experimental channel, the stream flowing 
in which had this relation of depth to velocity. The result- 
ing surface of the water is characterised by wholly different, 
and nearly Opposite^ circumstances to that of the ordinary 
back-water, — being convex to the line drawn through A, pa- 
rallel to the original surface of the stream, and towards the 
end very quickly so, being separated from the general surface 
of the stream by an abrupt and recurved termination. The 
length, also, is far less than that of the hydrostatic ampli- 
tude. 

Such curvatures of the surface can evidently only occur 
in watercourses of great velocity and of very small depth, 
and such are rarely found in nature for any considerable 
length. 

Again, it is evident that if the two parts of which the de- 
nominator sin i,po,2ff -20.^, Vo^ consists become equal, the 

fraction itself, and consequently ^Tq, becomes infinite (provided 
the numerator be not simultaneously equal to zero). If, then, 
in the equation 

Bmi.po.2ff = za^ ,Vo^, (ii) * 

we eliminate Vo\ we have, taking the root, 



Vo 



= ^f X Vsin*.^^; (12) 



PRACTICAL APPLICATIONS. 213 

and as (p. 126) - = a', and the value of a', deduced from ex- 

periment, i& found (p. 127) to be 0.000 1 nearly, we have 
a « 0.000 1 X ^ « 0.0032, 80 that equation (12) is evidently 
identical with (e) p. 127, when for sin i we put its equal 

-, and for -fTyits value yj, being tantamount to this in words, 

that when the mean velocity in the length of the channel Zo, ap- 
proaching the transverse section AXY, is the same as that 
which rs found to obtain in a uniform stream of the same sur- 
face inclination and transverse dimensions, then the length of 
the back-water will extend up indefinitely, or so far as the 
stream in which the obstructing works are placed continues 
unaltered in slope and dimensions. 

If, again, the numerator and denominator become zero 

simultaneously, then the fraction becomes - » 1 , and Zq = po -pu 

and therefore from the numerator we have, eliminating r©* in 
equation (10), V =*Poff> and, in like manner, from the deno- 

sin i . Sy . 20 , • , , 

minator vj^ « ^ — ^, so that, equating these two values, 

2«v 

we have sin i-ax ^, showing that, in this case, the inclina- 

tion of the surface of the river, measured by its sine, is equal 
to the constant 0.0032 multiplied into the ratio of the depth 
to the hydraulic mean depth of the part contiguous to the 
section AXY. 

In rivers which arc wide in proportion to their depth, we 
know (p. 132) that the hydraulic mean depth is very nearly 

equal to the depth, and then sin i = 0.0032, or — nearly ; 

and, conversely, we perceive that if any channel have this 
slope of about i in 313, and having- also a uniform transverse 
section, and therefore constant velocity and surface parallel to 
the bed : then, if at any point the stream fall vertically over 
an edge, of the same length as the breadth of the channel, we 
shall find that no alteration of the surface-inclination takes 
place up stream ; it will continue, as before, parallel to the line 
of the bed. 

The above formulae for the back-water have been compiled 
from what has been given upon this subject by D'Aubuis- 
son, and also by Mr. Neville, in his Hydraulic Tables. 

The suppositions which are introduced into the computa- 
tion of Zoy &c., to simplify the expressions, are productive of 
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no error of an appreciable character. It is the assumption of 
a uniform channel above the site of the impeding works, 
uniform, not only in breadth, but in the rate of fall also, that 
really removes the calculation from perfect identity with the 
cases of back-water which occur in rivers ; for they are ever 
found subject to abrupt changes in width and surface-inclina- 
tion. 

It would not be difficult, however, by an accurate map 
and section of a river, to divide the bed into portions, in which 
the width and inclination may be taken as uniform ; and theu, 
assuming depths pu &c., until tentatively the resulting length 
Zo9 &c. coincide with the observed changes in the river-course, 
to calculate for each different part separately, and to decide as 
to the amount of injurious back-water which may be caused 
at any point up stream. 

In order to trace more clearly the mutual relations of the 
several parts of the formula, let us suppose a river of given 
dimensions, discharge, (Sbc., and observe the increase or de- 
crease of the numerical values of the terms, as we calculate the 
successive lengths Zoy z^ &c., from the assigned depths. 

Thus, suppose a river of a uniform mean breadth w equal 
to 70 ft., and at a time of a flood, not of extraordinary height, 
flowing with a depth P equal to 2.5 ft., and having also an 
inclination of 2 ft. per mile. With the above relation of mean 
width to depth, we may, with all ordinary side-slopes, assume 
the transverse section to be rectangular ; and therefore, with 
the above data, we shall have the hydraulic mean depth equal 
to 2.33 ft., and the mean velocity V equal to 2.75 ft. per sec. ; 
consequently, the volume flowing down the river-course will 
be 481 cb. ft. per sec. If, then, we find a weir 4.5 ft. high 
constructed across the bed, and of such length, as, combined 
with the discharge through flood-sluices, or under mill-wheels 
at the site, shall give a depth of 1.5 ft. on the crest of the 
weir, the resulting depth p^ at the section AXY, Fig. 75, will 
be 6 ft. ; we may therefore proceed to calculate the length 
Zq at which the depth of the back-water vf^ill be pi equal to 
5.5 ft., or six inches less than at po. With an inclination of 
2 ft. per mile, the value of sin i will be ^jnj or 0.00038. 
The velocity in Zq being supposed imiform, and equal to that 
in the section AXY, Fig. 75, we find its value by the pro- 
portion, 

Area at AXY : area at M : : vel^ in M : veU in AXY ; 
and thus 2.75 ft. being that at M, we have t;© = r. 146 ft. per 
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sec. The value of jB^ for the section at AXY, is 5.122. Sub- 
stituting, therefore, all these numerical values in equation 
(10), we have 

_ ^ r 64.4 X 6 - i«i46> X 2 "j 

Zq-O" 5.5 [^g^^ ^ g ^ .00038 - i.646« X .oo64x(6-i-5.i22)J* 

386.4-2.626 383.77 n. 

= o.S X 0.1468-0.00975 = °-S ^ 0.-1370I = '4°' *^- 

Again, let us substitute numbers for the length 2^4, we 
have then, taking the difference of depth in each length as 
0.5 ft., |>4 = 4 ft., and V4 = 1.7 1 9 ft. per sec, and thus, 

[ 64.4 X 4 -1.7 19' X 2 "1 
64.4 X 4 X .00038 - 1.7 19' X .0064 X (4 -2- 3.59) J* 

The values of the several lengths, thus calculated, are as 
follows : — 

^0> ^IJ ^2> ^3> ^4> ^6> ^8> 
1401, 1434, 1477, 1563, 1639, 1870, 2482, 

in all equal to i i86c ft., or 2 miles ^, being ^ mile more than 
the hydrostatic amplitude, which is equal to If miles. 

It must be remarked that the vertical rise of the water of 
the same flood is, even at well-constructed weirs, greater in 
the part of the course just below the site than in that imme- 
diately above. The fact being, that the velocity acquired by 
the water in descending the sloping surface of the weir is, 
generally, nearly all absorbed in eddies, and counter-currents, 
at the foot of the weir, from its entering the body of water 
below at a considerable angle with the horizon : there must, 
therefore, be a vertical elevation of the surface of the water 
below the weir, in order that it may have sufficient head to 
carry down the volume delivered over the weir ; and this head 
will* in a great measure, depend on the form of the channel 
down stream. Thus, at Athlone weir, on the Shannon, it 
has been found that a flood rose on the lower sill of the lock 
contiguous to the weir, about 1 ft. 6 in. higher than it did at 
the same time on the upper sill. The longitudinal section of 
the so altered surface of the river must therefore have assumed 
a curved line down stream, gradually approximating to the 
Mne of the unaltered course, somewhat analogous to that curved 
line we have above considered as produced up stream by an 
impediment placed in the bed. 



* 
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Now, if a new weir were erected below one already ei^ ^ 
ifidng, and oonsequendy r^sed the Burfaoe-liQe of the wa- 
ter in the reach above it ; and, if from the proximity 4|f : 
those weirs, these two altered surfaoes have not length, ifi \ 
ordinary floods, sufficient to merge indep^idently into the sur-. ^' 
face-line of the intermediate part of the river uninfluenced by 
either, we should then, most probably, observe that the reac- 
tions of these two effects produced a new surface-line, very 
different from that given by the segments of each curve up to ^ 
the point of intersection. The back-water on the upper weir 
might be found from this xmsuspected cause to have be^:i 
thrown back far beyond the common point of intersection, and 
probably assume a higher surface-line, and thus have given a 
reasonable ground of complaint to mill-owners at the upper 
weir. ^ 

A study of a few of the recorded examples of tidal surface 
of rivers will give a due impression of the effect of the re- 
sistances to the flow of water in river-courses. 

In these it is observed that, when it is high- water on the 
bar at the river-mouth, the volume of water that has entered 
during flood-tide, instead of being in the form of a column ex- 
tending up stream, with a horizontal line of siuface, is founds 
on the contrary, to resemble a wedge with its sur&ce inclined 
downwards from the river-mouth up stream, a form which can 
only arise from the resistance to the full ingress of the flood- 
tide caused by curves, and by the inequality of width and 
depth in di^rent parts of the channel, and notably iicreased^ 
by lateral estuaries when such occur. Thus, in the River^ 
Tyne, which is not in any degree more unfavouirably circu^- ' 
stanced than other rivers as to the form of its bed and shore, 
we find it is high-water at the bar at the river mouth when 
it is 2 ft. 6 in. below high-water at Newcastle-bridge, gi miles 
up, and dead low- water 15^ miles from the bar. 

These inequalities, &c., in the river-bed exist in the nfper 
part of the course also, and must produce a like effect on the 
surface of descending rain-floods, which, in passing dlhvn- 
wards, may be said to resemble a tidal wave in some respects. 



THE END. 
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